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I This paper describes control techniques, hardware-implementation, and opera- I 
tional aspects of current digital control systems used for pseudo-random and 
random vibration testing. 
The advantages of digitd random vibration control 
systems, when compared with analog systems, havc 
been well established since the first digital systems 
were introduced in the late 1960's and early 1970's 
(1, 2, 3, 4). Since this time, digital random control 
systems have evolved in their sophistication and per- 
formance. This is a trend primarily due to the in- 
creasing awareness of the potentialities of d i g i t ~ l  
systems on the part of environmental testing person- 
nel and manufacturers of digital systems, as  well a s  
the rapid evolution of higher performance processing 
hardware. The impact of increasing integration and 
decreasing size and price of key electronic modules 
has enabled manufacturers to offer basic digital si- 
bration systems which a re  more than competitive with 
analog control units on the basis of cost alone. 
The purpose of this paper is to describe the control 
techniques, hardware implementation, and operational 
aspects of a typical state-of-the-art digital random 
vibration control system. The firs: portion of the 
paper discusses a number of techniques for dealing 
with important technical aspects of the random vibra- 
tion control problem. These include the generation 
of pseudo-random and trtic random noise, the control 
spectrum estimation problem, the accuracy/speed 
tradeoff, and control corwction strategies. The sec- 
ond half of the p a x r  deals with system har :ware, the 
operator-system interface, safety features, and op- 
erational capabilities of sophisticated digital random 
vibration control systems. 
BASIC CONSIDERATIONS 
The goal of any random vibration control system is  to 
excite a shaker system with a continuous random 
drive signal whose power spectrum is  adjusted in such 
a way that the power spectral density (PSD) of a re- 
sponse accelerometer signal (or averaged spectrum 
of 3 number of signals) conforms exactly to a specified 
reference spectrum. 
The basic function requirements for digital random 
control operation are: 
1. Random noise genergtion. 
2. Response (control) spectrum estimation. 
3. dp~ct rum modification. 
Figurt 1 shows a functional block diagram for a typ- 
ical digital random vibration contm' ->stem. 
The timing flow for a typical implementation of these 
functional tasks in a digital system is ilhstrated in 
Fig. 2. 
We now proceed to examine in detail the three basic 
functional requirements a s  they apply to a digital 
control : ystem. 
GENERATION O F  RANDOM AND PSEUDO RANDOM 
SIGNALS 
11 we a r e  given a particular drive spectrum defined by 
a certain finite bandwidth and number of spectral lines, 
then by adding a random phase angle to each of the 
spectral lines to produce a complex Fourier spectrum, 
and taking the inverse Fourier transform. a frame of 
3 time-domain signal with the required spectral char- 
acteristics is  produced. Repeating this operation con- 
tinuously and concatenating the resulting frames, as  
shown in Fig. 3, produces a continuous random sig- 
nal (1, 3). In order to prevent discontinuities and to 
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maintain the proper correlation between frames, it i s  
necessary to use s smoothing o r  windowing operation 
a t  the boundary between adjacent frames. By ac- 
counting for these and other subtleties, the random 
noise produced by this sxstem is indistinguishable 
from the noise produced by a natural Gaussinn Ran- 
dom noise source,  but has the advantage that i t s  
spectrum can be rapidly changed to any arbitrary 
shape with a frequency resolution of 0.17 o r  less.  
Although the ociginal spectrum from which the digital 
random signal was derived had only a finite number of 
spectral  lines, the spectrum of the random signal, 
when analyzed with finer resoltition and averaged over 
a large number of frames, i s  seen in Fig. 5 to  ap- 
proach the continuous spectrum expected from a 
Gaussian random signal. 
X large n~imber  of f rames of data a r e  required to ob- 
tain a meaningful spectrum because of the statistical 
uncertainty o r  variance associated with any measure- 
mcnt of a random s i g n l .  The variance problem can 
be circumventctl t~y  gcnernting a "pscudo-random" o r  
"zero variance" signal. Basicially this i s  accom- 
plished by initially randomizing the phases of the 
spectral  components of the drive signal and maintain- 
ing them constant throughout the test ,  while adjusting 
the magnitudes every L frames. Thus, the same  
frame is  repeated L times. L is  usually chosen to be 
large enough that a steady state condition i s  reached 
prior to hnalysis. If the anal js is  frame period T i s  
the same  a s  the output frame period, then a single 
analysis frame is  sufficient to determine the spec- 
trum. 
The normalized amplitude distributiw of a random 
noise signal generated by this digital process is  shown 
in Fig. 4. This distribution, a s  a Function of standard 
deviation units, i s  displa?,ed both logarithmically and 
linearly. The Gaussian distribution curves a r e  super- 
imposed on the esperimental results. 
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I Because of ' '-7 periodicity of the waveforr,~, energy 
will be produced only a t  those frequc:~cies defined in 
the drive spectrum, i. e., the spectrum is  "leakage 
free" and contains "holes" a s  illustrated in Fig. 6. 
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Similarly, the amplitude histogram of a pseudo- 
random signal (shown in Fig. 7), while Gaussian-like, 
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contains structure not seen in the random case. 
While pseudo-random noise cun be used in prltsciple 
to meet many random test specifications, it  has not 
found wide acceptance in vibntior laboratories be- 
cause of its peculiar "sound't, discrete spectrum, 
discrete ampl!tude structure, and historical lack of 
precedence in andog random equipment. 
Fig. 5. Spectrum of Digital Random "oise. 
Fig. 3. (;eneration of Continuous 1::lndorn Noise 
Signal 
6 
Fig. 6 .  Spectrum of Digital Pseudo-Random Noise 
Fig. 4. Theoretical vs Experimental Normalized 
Amplitude Distrib~iion Curves for Digital 
Random Noise Signsl 
Fig. 7. Typical Amplitude Distrih~rtion C'urvcs 
for 1Seudo-Random Noise Signal 
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PSD ESTIMATION y(t), in the time-domain for M consecutive frame8 of-. 
uniform length T. The FSD of each of the two summed 
data frames is then computed. The above procees Is 
repeated N times with the autospe$ra being linearly 
averaged. Finally the estimate 1 Y 12 of the responee 
spectrunr lY 12 is given by: 
If random noise is to be used fcr  testing, then because 
of the stat.stica1 uncertainty of the spectral measure- 
ments one is faced with a tradeoff between control ac- 
curacy and system response time. At the heart of the 
control problem Is  the task of estimating the spectrum 
(PSDI of the response signal we a r e  trying to conhrol. 
A convenient measure of the statistical reliability of 
a spectral estimate i s  its "equivalent number of de- 
grees of freedom (k)", defined as: 
2 (average value) 2 k = 
variance -. where IyMj 1 is  the PSD resulting from the j th 
sum of M frames of the response signal y(t). 
It can be shown that for linear spectral averaging, 
k = 2 for each frame of Gaussian distributed random 
data (5). By way of illustration, after an estimate 
with 16 degrees uf frecdom (d. o. f. ) there i s  90% con- 
fidence that a particular spectral value i s  within an 
interval of about 5 dB around its correct value; for 
64 d.0. f .  the interval is  about 2.5 dB; for 256 d. o. f. 
the intenal  is about 1.25 dB. 
IxMj 1 is  the PSD resulting from the j th 
sum of M frames of the drive signal x(t), 
2 
a1.d I X  I is simply the drive spectrum used when 
YMj and ? ( ~ j  were obtained. 
It can be shown (7) that the variance in the PSD esti- 
mate using equation (2) is inversely proportional to 
MN, while for a fixed M and N, the variance tends to 
be greatest around resonances. 
The response PSD can be estimated using either of 
two methods; direct and indirect. Both methods are 
described in the following paragraphs. 
The timing flow for a typical implementation of this 
indirect PSD estimation method with M = 4 and N = 2 The Direct PSD Estimate 
is  shown in Fig. 8. 
The traditional method of estimating the response 
PSD, illustrated in Fig. 2, is to acelire a frame of 
d a h  and then directly compte  the FSD from the 
sampled data by Fast Fourier Transform (FFT) tech- 
niques (2, 3). A s  PSD's a re  accumulated, they are  
averaged. If the averaging is  linear, a drive spec- 
trum correction is made after N PSD's a r e  averaged, 
and then a new average is accumulated. ff exponen- 
tial averaging is used, a running average with a time 
constant of N frames i s  maintained, and a drive cor- 
rection is made after each frame. 
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The variance in the direct PSD estimate is  inversely 
proportional to N for both linear and exponential aver- 
aging (6). 
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The Indirect 15D Estimate Fig. 8. Indirect Method Random Control Timing, 
N=2, M4. 
A new algorithm has recently been introduced (7) 
which significantly improves the  peed and accuracy 
with which an estimate of the response PSD is made. 
This algorithm is  based on a combination of time- 
domain and frequency-domain techniques. 
There is a twofold advantage to the indirect method. 
First, since a time-domain summation calculation is 
faster than a PSD calculation, and only two PSD cal- 
culations a r e  needed for  each M data frames, more 
input (response) data can be processzd per unit of 
time using the indirect method than with the direct 
method. Table 1 summarizes the percentage of time 
Basically, +he procedure used is to first separately 
sum the drive signal, x(tj, and the response signal, 
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Table 1.; Percentage of Time Devoted to Input Data Acquisition for Different 
Parameters and Hardware Configuration 
CONTROL PROCESSfNG -~ . . INDmECT 
BAN~WIDTH H A R ~ A R E  ~ = 2  N=Z ~ = 2  
HZ (Note) M=2 M 4  M=8 
- 
1024 1 22 37 55 
1024 2 30 42 66 
1024 3 33 52 69 
2048 1 13 22 35 
2048 2 20 36 52 
2048 3 25 4 1  59 
1 
3C72 1 7 13 16 
3072 2 12 24 37 
3072 3 20 34 51 
Note: 1 = CPU (PDP11/35) only 
2 = CPU +Hardware FFT Processor 
DIRECT 
N=2 N=4 N=E 
18 19 20 
27 35 42 
28 36 43 
10 11 11 
18 23 29 
21 27 30 
5 6 6 
10 15 16 
16 25 29 
I 3 = CPU + Hardware FFT Processor +Output Processor 
that is spent acquiring input data for both methods a s  
a function of M and N, control bandwidth, and typical 
processing hardware. Input acquisition is discontin- 
uous, i. e., occurs less than 100% of the time, due to 
the aaditional processing functions required during 
the control loop operations including random drl  .-e sig- 
nal generation, drive spectrum correction, PSD esti- 
maticn, displays, safety checks, and miscellaneous 
bookkeeping. It is  observed from Table 1 that by ad- 
ding hardware to perform tasks such as  Fourier com- 
putations and output signal generation in parallel with 
other functions, input data can be processed more than 
50% of the time for control bandwidths up to 3000 Hz 
using the indirect method with N = 2 and M -. 8. 
The second advantage i s  that for a given number of 
input data frames the statistical variance of the indi- 
rect method estimate is significantly lower than the 
corresponding direct method estimate. It has been 
observed empirically that the variance of a indirect 
PSD cstinrate, although somewhat dependent on the 
characteristics of the load being driven, is typically 
less than the variance obtained with a direct PSD 
estimate using four times as many data frames. In 
terms of statistical degrees of freedom using linear 
PSD averaging this means that for the indirect meth- 
od, k 8MN, while for the direct method, k = 23.  
Figures 9 through 12 illustrate the reduction in var- 
iance using the direct method. Figures 9 and 10 show 
direct and indirect PSD estimates, respectively, of a 
nominally flat 2000 Hz spectrum, each using 8 input 
data frames. A tolerance interval of 4 dB (f 2 dB) is  
superimposed on the estimates. Figures 11 a.,d 12 
Fig. 9. Direct Estimate of Flat Spectrum 8 Frames 
Klm m RRT ! iPKTmN 
MDIRET N = t  M-L) ( I M ) ( M R L Y  Ib DOF) 
Fig. l o .  Indirect Estimate of Flat Spectrum, 
3 F r ~ w c s  
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illuktrate corresponding results with 32 data frames. 
Comparing Figures 10 and 11 It Is seen that the in- 
direct estimate with 8 frames is  a t  least as p @ d  as 
the 32 frame direct estimate. Similarly, the variance 
in the 32 frame indirect estimate (Fig. 12). f 1 dB, is 4: 
comparable to that expected from a 256 degree of . 
freedom estimate, requiring 128 frames using the 
d~rEc: method. 
. I t  
8 HZUNERR a ' m  
~ ~ - - L ( a a m c n u r p s  
O m  IETHl), N.8 (W DIF) 
Fig. 11. Direct Estimate of Flat Spectrum, 
32 Frumcs 
Fig. 12. Indirect Estimate of Flat Spectrum, 
32 Frames 
THE COMPLETE CONTROL LOOP 
Overall random vibration control is achieved by com- 
bining a rapid, accurate PSD estimation technique 
with a bold, yet stable, drive spectrum modification 
strategy. A typical strategy for drive spectrum mod- 
ification is the following (3): For each spectral com- 
ponent, determine the e r ror  as the ratio of refdrence 
to control PSD estimate. Convert the ratio to a l o p -  
rithrn and correct the drive by one-third of the loga- 
rithmic value, e. g., a 3 dB error  produces a 1 dB 
correction, a 6 dB er ror  produces a 2 dB correction, 
etc. 
Figure 13 illustrates a typical control point PSD esti- 
mate using the indirect method while controlling' ' 
through a peak-notcn transfer function with a 36 dB 
dynamic range. The control'strategy implemented is 
b a e d  on the method outlined above. Tolerance bands 
of 5 2 dB a r e  superimposed on the plot. The corre- 
sponding drive spectrum is shown in Fig. 14. No@ 
that the variance in the E D  estimate tends to be 
greatest a t  the 500 Hz resonance and 1000 Hz anti- 
resonance. Figures 15 and 16 show corresponding 
control and drive spectra using the same control &at- 
e& and the direct PSD estimation method with N = 4. 
Notice that the variance using the indirect method is 
significautly less  than using the dizect estimate, even 
though the total acquisition and processing time was 
oniy 20 to 40% longer, depending on system hardware, 
for ths indirect method (both estimates required 4 PSD 
calculations). The cumulative effect of n good PSD 
estimate and control strategy is illustrated by compar- 
ing the drive spectra, Figures 14 and 16. A smooti-er 
drive spectrum could be obtained in the direct case by 
adopting a more conservative correction s t r a t e p ,  but 
a t  the expense of overall correction time. 
TlP1CWL CONTROL POINT P5D C S T I M T E  
INDIRECT METHDD, N=2* M.0 
Fig. 1 3 .  Typic:ll Control Po!nt 151) Kstim:lte, 
Indirect blcthod, N 2, 11 * 
Fig. 14. 'Typical Drive Spectrum, Indirect Method, 
N-2, M=8 
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creased to the full GRMS level either manually, in 
steps specified during setup (e. g., 3 dB) o r  automat- 
ically, either after a specified time at  low 1evJ  ur by 
pressing the INCREASE switch The test shuts down 
automatically if permitted to run for the specified 
duration at full level. The test also shuts down auto- 
matically if an :15ort condition occurs, and may be 
shut down manually at  any time. Whenever a Lzst is  
shut down, the test level is decreased smoothly in the 
specified shut d o m  time and a post test message is 
printed, providing a record of the test duration at full 
level and of why it sh Jown, as ,hewn in Fig. 21. 
1 T&ST I D :  T 2 1 2 3  
2 HEADING: 7 - 2 1 2 3  2 - A X i S  
3 awNDWIDTHt  1 0 B 0  
aWr9DW I UTH: 2 8 4 8 0  
4 RESOLUTION 64/ 1 2 8 / 2 5 6 /  5 1 2 :  256 
FREQUENCY INCRLMmTr 8e000 
RLFLRENCE. SPLCTRUMt 
5 I N I T I A L  S L O P t  D W C c T r  1 8  
ALARM L I M I T  DB 8 3 
ABOR'i L I M I T  Dd r 6 
Conditions which cause an sutomatic abort include: 
6 F R E Q U W C Y  HZ. : 50 
L t V U  GSQR/HZ*: a 0 1  
ALARM L I M I T  DB r 3 
U O R T  L I M I T  DB r 6 
1. Initial open loop condition on any F. lected chlsnei. 
2. Loss of signal on any s e l ~ c t e d  channel. 
3. Control signal exceeding the GRMS limit spec- 
ified. 7 FE1IAUENCY HZ.: 200 L t V E L  GSQR/HZ.: . @ I  
kLARM L I M I T  DB r 3 
H O R T  L I M I T  Da : 6 4. 
G~ /Hz level of any line of the control spectrum 
deviating from its corresponding reference 
spectrum line by more than the specified abort 
limit. 8 m t a U W C Y  HZ.: 480 L E V E L  ciSQR/HZ.: 1 
ALARM L I M I T  Dd : 6 
M O R T  L I M I T  Dd r 9 5. An operator abort command. 
6. C l o ~ u r e  of any of 16 external contacts. 
9 FREQUENCY HZ= : 6!d5 
L E V E L  GSQR/HZ* t a 1  
ALARM L I M I T  3B : 6 
ABORT L I M I T  Dl3 : 9 
Z - A X I S  RANDOM ON T I 0 1 2  
ABORTED 
CTL S I G N A L  L O S S 1  1 8  F R M U E i i C Y  HZ. 8 0 
1 0  F I N A L  S L O P b  D W O C T :  -18 
GRMS 8 6 . 5 1 1  MONITOR FRAMfS I 5 
-a- 
T - 2 3 2 3  Z - A X I S  
1 1  LOW LLVLLD - D B t  - 2 0  
1 2  L E V E L  INCREMDJTD DB: 3 
13 START-UP T I M E  S E :  I 0  
1 4  SHUT-DOWN T I M &  SEX: 1 
1 5  T E S T  T I Y E  HRSD MIND SEX: 00 5 4 B  
ABORTED 
O P W T O R  HALT l 
1 6  AVTOMATIC I N C R E A S E .  I = Y S  @=NO: 0 
1 7  CONTROL CHANNELS: 1 
18 AUXILIARY c m w a r  2 
19 ACCEL S D J S  M W G :  
CH I r  I 0  
CH 2 8  1 0  
20 D R I V E  C L I P P I N G  1-YES0 @=NO: 0 
2 1  ALARM L E V E L  GRMS: 8 
M O R T  L I V U  GRMS r 10 
22 LOOP-CHECK MAX D R I V E ( V 0 L T S ) r  I 
T E S T  T I M E  HRSD MIND SF&: 0 1 0 ~ 5 8  
Z-AXIS RANDOM ON T I 0 1 2  
COHPL ET ED 
T E S T  T I M E  HRSD MIND SF&: 0 0 L r 0  
MONITOR FRAMES: 2 5  
Fig. 21 .  Examples of Post Test Documentation CORRECTIONS l = Y E S  @ = N o r  0 
Fig. 20. Dialog for Entry of Typical Test 
Parameters 
During and after a lest, calibrated and annotated dis- 
plays (see Figures 5, 6, and 9 through 16) of the con- 
trol, monitor (averaged control), reference, error ,  
and auxiliary spectrums a r e  available for test ana- 
lysls anci documentation. 
lnitial equalization to the reference spectrum takes 
placz at  the low level specified during setup, e. g., 
in Fig. 20, -20 dB with re~ipect o the full GRMS level. 
When the test has equalized at  low level, it may be in- 
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The Lontrol techeiques, hardware implementation, 
and operation aspects of digital random vibration con- 
t ro l  systems have been discussed. When compared to 
analog systems, today's digital random control sp -  
tems offer faster test  setup, more resolution, wider 
dynamic rangc, more flexible frequency coverage, 
repmiable test  execution, morc. conplete tes t  docu- 
mentation, and easy, economical conversion to other 
control and anlysis tasks. 
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SINE-SWEEP TESTING USING DIGITAL CONTROL 
Dr. Al f r ed  G. Ratz . . 
-. 
Ling Elect ronics  
Anaheim. Cal i fom-ia  
-- 
A review is given o f  the  theory o f  swept-sine v ib ra t ion  t e s t i n g  ~s i r - -  an 
electrodynamic shaker.  The ob jec t ive  is t o  ;how how tt.r?-cofl-rol r c a ~ ~ i r e -  
ments can be f u l l y  s a t i s f i e d - w i t h  a d i g i t a l  system, based on- the  use o f  
a miniccmpdter. The only equipment needed ove r  t h a t  f o r  con t ro l  of e i t h e r  
random o r  pulse  t e s t i n q  is a d ig i t a l ly -co .~ t ro l l ed  s i n e  o s c i l l a t o r .  
Au tcmt ic  compression speed, specimen Q, sweep r a t e ,  t racking f i l t e r  
feedback, control  t o  the  average o r  t h e  adximum of a number of sim:ltanaow 
acce le ra t ion  s igna l s ,  specimen protect ion,  a r e  amon9 the topics  covered. 
F ina l ly ,  examples a r e  given soovi!lg the  performance of  a p r a c t i c a l  sys te?  
with s i n g l e  and mui t ip le  r e tu rn  accelerometers. 
The purpose of this paper is t o  descr ibe  
the  theory and y r z c t i c e  of  pu t t ing  toqether  an 
a u t a a a t i c  s ine - t e s t  c o s t r o l  system f o r  an 
electrodynamic e x c i t e r ,  based on the use of a 
minlconputer. The discussion cen te r s  around a 
p a r t i c ~ l a r  esbodiment f o r  reference  and example; 
however, t h  emphasis o f  t he  d iscuss ion is on 
fundamental techniqaes. Some o f  t h e  techni- 
ques a r e  b a s i c  t o  swept-sine t e s t i n g  f o r  any 
type o f  control ;  o t h e r  techr.iques a r e  t r u l y  
unique t o  d i g i t a l  systems. 
There are a number of  inpor tant  
advan&-jes i n  using a d i g i t a l  system f o r  s l n e  
- a ;n t ro l .  The system permits t e + t  p r a m e t e r s  
t o  be automatically s e t  up ahead of  t i m e  with- 
o u t  t y ing  up the e s c i t e r  and associa ted  
equipment. There a re  no switches o r  potentio- 
meters to be adjus ted by the  opera tor ,  as 
compared with the considerable number of 
c r i t i c a l  controls  t h a t  must be tuned i n  a 
soph i s t i ca t ed  analog system. System se tup  
er:.ors and debugging times a re  eliminated. 
The l eve l  of opera tor  s k i l l  is considerably . 
redirced. Automatic noni tor ing of  pe r t inen t  
test re s t t l t s  is e a s i l y  arranged. I t  is a l s o  
easy t o  expand a system t o  meet new needs by 
simply modifying the  software programming. 
I n  summary, then, the  advantages 
poss ible  with d i g i t a l  control  are :  increased 
product iv i ty  ( t h a t  is, uc can quickly go from 
one type of t e s t  t o  another) ,  ope ra t iona l  
c o s t  savings (due t o  t h e  increase6 product iv i ty ,  
a s  wel l  a s  t he  a b i l i t y  t-9 use opera tors  with 
l e s s  s k i l l ) ,  r epea tab i l i t y  ( t h e  i d e n t i c a l  
program held  i n  paper tape,  on d i sc ,  using 
some o t h e r  d i g i t a l  s toraoe nedium, can be 
used over and over  s o  t h a t  the  i d e n t i c a l  t e s t  
is c a l l e d  ot l t ) ,  test i n t q r i t y  (no human e r r o r  
i n  s e t t i n g  up the  t e s t ,  no coh t ro l s  t o  be  
inadver tent ly  maqipulated Cfuring a test), and ' 
s a f e t y  and protect ion.  I n  the  l a t t e r  case.  
the;computer can watch over a va r i e ty  o f  
parameters with ar. unflagging a t t en t ion ,  a 
r eac t ion  s p e d ,  and a s e n s i t i v i t y  impossible 
with a p r a c t i c a l  analog system. 
Sine  corer01 us ing a d i g i t a l  computer 
has tended t o  take  second place  t o  the  random 
con t ro l  o r  the  shock pulse  control o f  an 
elecCrodynamic exc i t e r .  There a r e  seve ra l  
reasons f o r  t h i s ,  some q u i t e  val id .  Accurate 
shock control , f w  exm.p le  has  always proven 
very d i f f i c u l t  t o  achiev*, p r io r  t c  t h e  
i ~ t m d u c t i o n  of the  d i g i t a l  con t ro l  system. 
And, the  c o s t  and complexity of  analog random 
systems h a w  made them a t a r g e t  f o r  newer 
te-hnology. But, ir. terms of the  performance 
requirements and the  design problems to be 
handled, t he  con t ro l  o f  s i n e  t e s t i n g  presents  
a l e v e l  o f  technical  d i f f i c u l t y  t h a t  is i n  
many ways more severe than t h a t  experienced 
with ri t~dari  con t ro l .  For exanple,  i f  one 
examines t b e  various d i g i t a l  random con t ro l  
systems p resen t ly  described i n  the  l i t e r a t u r e ,  
o m  f inds  t h a t ,  i n  dynamic range of  equaliza- 
t i o n ,  hardly any match the  performance of  
high-quality analcg systems. The degradation 
i n  performanct becomes glcssed over by d i g i t a l  
considera t ions;  b u t  with swept-sine contzol ,  
it is d i f f i c u l t  t o  achieve a s i m i l a r  camou- 
f lage .  a s  the  si .newve sweeps over the  
freqdeacy bard ,  a s  each specimen resonance 
is d e a l t  with i n  its tu rn ,  the q u a l i t y  of  
con t ro l  remains a t  a l l  times c l e a r ,  
discernible, and disguised. 
Sine control capabi l i ty  of a d i g i t a l  con- 
trol system is usually added as an adjunct t o  
random control; and the system serving as the 
basis  of the present discussion is indeed 
obtained by the simple expansion of an auto- 
matic random ccr.tzol system. The only 
anci l lary eoalipmenr added t o  give the system 
sine-control capabi l i ty  is a diqitally-con- 
t ro l led  osc i l l a to r .  
THE ELECTRODYNAHIC EXCITER 
Electrodynamic vibration exc i te r s  are  
important features of  the environmental t e s t  
f a c i l i t i e s  asscciaterl with the design, 
development, and proof-testing of  a i r c r a f t ,  
missiles, and s a t e l l i t e s .  The principle  of  
the electrodynamic exc i te r  fol lavs t h a t  of 
the permanent-magnet loudspeaker. But, the 
emphasis of d e s i ~ n  is qui te  different .  
Frequency response is secondary. Considera- 
tions of force, power, length of s t roke,  etc.,  
are  much m r e  important. Consequently, the 
transfer character is t ic  of the exc i te r  is f a r  
from f l a t .  
Interactions between load and exc i te r  
can modify the frequency response, intro- 
ducing sharp peaks zqd notches across the 
spectrum. Resonances are  often introduced 
by the proparties of any f ixture used t o  
mount the specimen t o  the exci ter ,  as  w e l l  as  
by the t rans fe r  function of the specimen 
i t s e l f .  
Thus, the unpredictable properties of 
t\e frequency charac te r i s t i c  of the exc i te r  
and its load make mandatory the use of clcqed- 
loop control. Othervise, it is not possible 
t o  carry out representative test ing.  Any 
attempts simply t o  drive the exci ter  open loop 
can only l rad  to chaotic and indeterminate 
resul ts .  For e f f i c i e n t  operation, feedback 
is needed. 
Swept-sine is the basic s ine-test  mode. 
With swept-sine test ing,  the electrodynamic 
vibration exc i te r  is driven by a sinusoidal 
s ignal ,  whcse frequency is slowly swept back 
and forth between two l i m i t s ,  a t  a pre- 
determined (usually logarithmic) sweep rate. 
A t  each frequency., the vibration leve l  must 
adhere precisely t o  a value established by s 
prsgrannned input curve ( l eve l  versus fre-  
quency). 
Other fonns of s inc tes t s :  dwell, 
phase control,  multiple-accelerometer control,  
e tc . ,  a re  simply m~di f ica t ions  and adaptations 
of swept-sine, and a r e  best  discussed as  such. 
BPSIC THEORY OF SINE CONTIgL 
We now discuss the parameters needed f o r  
a successful s ine  vibration system. The 
object is t o  appiy a sweeping sinewave with 
a specif ied amplitude prof i l e  t o  the t e s t  
object.  
Compression Control. A real-time 
amplitude feedback control cannot be used f o r  
several  reasons. The complex nature of the 
response of the t e s t  item would require a 
spec i f ic  conplex equalizer i n  order t o  achieve 
a s table  closed loop. Test objects vary 
tremendously i n  t h e i r  respcnse. A d i f fe ren t  
spec i f ic  equalizer would be requir6d for  each 
t e s t  package. Most important is the fact  t h a t  
there is insuff icient  bandwidth through the 
control system (exci ter ,  driving amplifier,  
accelerometer e lectronics ,  e tc . )  to permit 
a s tab le  re l i ab le  closed-loop instantaneous- 
s ignal  control system. 
AmpliCude control is achieved by q p l y -  
ing the technique often cal led compressor 
control,  o r  AVC. ~ h c ?  essence of  the method is 
t o  obtain a measure of the vibration level  
(rms o r  peak) a t  the exc i te r ,  and then t o  
at tencate  o r  ampiify the amplitude of  the s ine  
drive to eliminate any discrepancy between 
the measured and the required level.  
Ti.,: required attenuation gain range 
over which the s ine  level  must be adjustable 
is of importance. A typical  t e s t  object can 
be expected t o  have resonances i n  its trans- 
fer-function response. with values of Q up 
to and exceeding 60 dB. Even so, the typical  
required accuracy is 2% of specif ied level.  
The control  must thus cover over a 1000:l 
range with 2% accuracy of  point  a t  every 
attenuation level  i n  the act ive dynamic 
range. 
Compression With Random Control. The 
range.?£ amplitude control required to handle 
spectral  fluctuations i n  the response of the 
specimen is demonstrably much greater  with 
s inc  t - s t inq  than f o r  random. With wiee- 
band random, resonances with extremely sharp 
values of Q become invis ible  t o  the control 
system, and do not need to be dea l t  with a t  
a l l .  Also, one finds the l imitat ions of 
control perfonnance obscu~ed behind such 
factors  a s  the s t a t i s t i c a l  j i t t e r  on the out- 
put spec t ra l  plot.  
With random control,  the numbers 
representing the spectrum deal with it 
basical ly  as a se: of l inear  quant i t ies .  One 
finds l i t t l e  awareness of how seriously the 
spec t ra l  dynamic range is limited i n  
pract ice by the s ignif icant  figures actual ly 
available t o  reprr ent  the individual spec t ra l  
l ines .  Even so ,  marqinally successful 
random control systems are reported. But, 
there is no such lucky s i tua t ion  f o r  the 
designer of the s ine system. The sinewave 
stands out  c lea r  md naked.. I f  its amplitude 
were represented l inear ly ,  three decimal 
d i g i t s  would be needed t o  express accuracy 
and three t o  handle ranging, for  a t o t a l  of 
s i x  decimal d ig i t s .  Th. excessive number of 
Ratz 
decimal a i g i t s  causee the designer t o  search 
for  an a l t e rna te  method of representing s ignal  
strength, t o  the l inear  mthod tha t  passes as 
acceptable f o r  ra~dom control. 
A logarithmic format can handle a large 
dynamic range with constant percentage 
accuracy. Hence, a log c o ~ t r o l  scheme is the 
one used i n  a l l  successful sine-control systems. 
A logarithm control schere is a l so  essen t ia l  to  
solve the problems inherent with colPprdssor 
control s t a b i l i t y ,  as it tarns out. 
Servo Control Loop. Figure 1 shows the  
basic  elements of a ompressor control loop, 
whether d i g i t a l  o r  analog. In Figure 1, the 
reference (ref  is the required vibration 
amplitude on the t e s t  package a t  the present 
value cf frequency. The difference is obtained 
between the reference ( re f )  and the leve l  a t  the 
t e s t  object.  It is used t o  generate an e r r o r  
-s ignal .  The integrator  smocths out the Error 
s ignal  and applies a gain conmand t o  the 
attenuation amplifier. The amplifier 
adjusts  the level  of the drive s ignal  and then 
applies i t  t o  the t e s t  package. The detector  
r e c t i f i e t  the sinewave representing the 
resul tant  acceleration, and generates the new 
contrcl s ignal ,  thereby closing the feedback 
loop. 
Figure 1 - Basic Servo Loop 
Compressor Speed. An important para- 
w t e r  of the compressor control loop is i ts  
speed of response. The requirements fo r  wide 
dynamic range and high accuracy force the 
feedback loop gain t o  be high. The complexity 
of the t e s t  specimen requires that  the com- 
pressor-loop time constant be the predominant 
time constant i n  the servo. 
The speed of response of the control 
loop is s e t  by two considerations. The control 
loop must be f a s t  enough t o  sa t i s fac tor i ly  
hold the desired acceleration level as the 
drive frequency is swept thmugh the t e s t  
resotwxes.  The contml  loop must  be s l W  
enough t o  permit smoothing of  the r ipple  from 
the rms detector, thereby permitting the 
control to accurately fol lav the average level  
of the sinewave. ( I f  the con tml  tends t o  
follow some instantaneous component, it 
introduces d i s to r t ion  i n t o  the s ine  dr ive 
signal.  
The goal of the co? tml  loop is t o  
obtain 3 2% contml  accuracy. For design, 
l e t  us a l l a t  a maximum of 1% detector ripple. 
Wr can now calculate  the compressor speed f o r  
a & u t i c u l a r  frequency. The integrator  
used t o  re jec t  r ipple  does so  a t  the r a t e  of 
6 dB/octave. I f  we assume t h a t  the detector  
is a full-wave r e c t i f i e r  o r  a square-law 
detector, then the  r ipple  frequency is twice 
the fundamental frequency. The average 
detected value is roughly equal t o  the 
amplitude of the unsmoothed ripple. Therefore, 
the conpressor loc: bandwidth must be 
decreased t o  the point where the drive 
frequency is la rger  than the loop bandwidth 
by orders of magnitude. For exaaple, fort a 
fundamental drive frequency o f  1000 Hz, the 
compressor feedback loop bandwidth must be 
no wider than 5 Hz t o  10 Hz. 
Feedback loop bandwidth of the com- 
pressor system serves a s  a neasure of the 
a b i l i t y  of  the compressor t o  control the 
amplitude of the acceleroreter  s igna l  under 
the many fluctuating dynamic conditions t h a t  
occur when the frequency is swept. It is  ex- 
presyed i n  radians per second (rad/s),  
wL(=2nfL) . 
The expected e r r o r  i n  m n t r o l  as the 
s ine drive is swept through a resmance can 
be predicted by calcu1.ating the control e r ror  
E(dB) . 
The quantity i j  is the amplitude slewing-rate 
capabi i i ty  of the sys'ern, measured i n  dB/sec. 
Amplitude slewing ra te  is a l so  cal led "com- 
pressor speed." From Equation ( i )  we see 
i t  a l so  is a measure of the bandwidth of the 
control loop a s  a servomechanism. The 
relationship t o  the servo bandwidth can be 
deduced as  follows. Suppose tha t  f (t) 
renresents the output s ignal ,  and that  f (t) 
has i t s  envelope changing with tlme (A is a 
constant) : 
Taking logarithms and different iat ing yields  
(loC = 2lrfC) : 
There are  two main operational nara- 
meters influencing the required range of 
values fo r  the slewing :ate. These parameters 
are (2) the Q of the  resonance t h a t  the drive 
frequency is presently sweeping through w d  
(2) the frequency svaep rate. The e f f e c t  of 
these in establ ishing an acceptable slew-rate 
is discussed below. 
The above discussion concerning the 
theory is applicable t o  e i t h e r  analog o r  
3 i g i t a l  s y s t e m  (the l a t t e r  our subject  here).  
Block Diwram. In the d i g i t a l  applica- 
t ion,  it is e f f i c i e n t  tha t  the  portion of the 
d i a q r m  cf  Figure 1 which consis ts  of the 
reference, slrmmer, and integrator ,  should be i n  
software i n  the computer. The s ine  generator 
and t t a  variable-gain amplifier a r e  implement- 
ed with devices handlzng the s igna l  i n  analog 
f o w ,  but controlled d ig i ta l ly .  The frequency 
of the sinewave locks t o  the number d i g i t a l l y  
supplied to the generatar. The gains of the 
variable-gain amplifiers a re  s e t  by numbers 
supplied by the coaputer. The detector  can 
be handled e i t h e r  i n  an analog o r  i n  d i g i t a l  
form. In  the present system, it is handled 
d ig i ta l ly .  
Figure 2 - Compressor Loop - Digital System 
Figure 2 shows a simplified block 
diagram. Shown are  the sampling and quan- 
t i z ing  devices required by the  computer: an 
A/D converter and multiplexer (WX), a s  well 
AS a D/A converter. The detector  and i ts  
f i l t e r  a re  achieved i n  software. 
Non-Synchronous Sampling. The method 
of "detecting" the return s ignal  is t o  take i n  
a frame of data, T seconds lcng: T is very 
nearly equal t n  the period of the fundanental 
of the sinusoid. I f  p is the sampling r a t e ,  
it is  desirous t o  keep p synchronous with f .  
the frequency of the sinewave. Since f s h i f t s  
i n  very f ine s teps ,  t h i s  means a continuous 
and Jery f ine  updating of p: the A/D con- 
verter  and multiplexer dealing with the input 
s igna l  must have t h e i r  suaple ra tes  smoothly 
and in f in i te ly  programmable vi thout  losing 
timing accuracy. In  view of the oonplexity 
of syn&ronous sampling, it is worth exploring 
the non-synchronous sampling of the  cycle of 
duration T ,  Figure 3: suppose we a re  
attempting to finC the ~ E S  value of  the sine- 
wave by taking the mean square value o f  N 
s-les of  the s inwave over one period. The 
sampling r a t e  is such t h a t  there a r e  (N+ml 
samples per ~ y c l e  of  the wave fm < 11. The 
f i r s t  s a p l e  occurs when the argument of the 
sinewave has the value 8. 
Figure 3 - Sampling: MUX and DATA 
The computer forms the average, , 
given by: : 
B y  tri  onanetric manipulation, t\e equation ? f o r  NS can be rewritten: 
a 
2n ( m + l )  2nm I 
sin- - s i n  -
+ s i n 2 8  N+m 
23 
sin(- N+m 
I f  m = O ,  I3 1 0 ,  Sabecomes the t rue m, S o .  
Also, iNSO = N 
and so So = 0.707 
Examination of Equation (5)  with N >> 1 
indicates  tha t  it is certainly bounded by, 
f o r  a l l  m: 
:!mcs, 
. . Sa = So(l  f 5N) (7 )  computations i n  the computer (Figure 3 ) .  Thus, 
the control is a sampled-servo system with 
P a  control t o  be t te r  than t0.3 dB, we must keep a sampling period, TL: 
Thus, as f s h i f t s ,  we do not need t o  s h i f t  p, 
w i t i l  Equation (8)  is violated. When p is 
,.i~anged, we must change the cut-off fnquency, 
associated with the ant i -al iasing f i l t e r  a t  
. le  NUX input. We keep the -0.3 dB (cut-off ) 
: requency, F, of  a given f i l t e r ,  as the l w e a t  
ralue possible, sat isfying 
,i When f star% to exceed F, the  f i l t e r  is 
i stepped t o  a l a rger  value of F. 
Suppose we a re  engaged in multiple- 
ccelaration control; i.e., suppose we are 
ontrol l ing to the nas average o r  extremal of  
acceleration signals.  We mu-' bring i n  M 
' ine his to r ies  during the t'- T. Then, the 
.uitiplex ra te  is raised t o  . A typical  
~axim~im allowable value f o r  h~ s e t  by hardware 
~~erformance is 125,000 HL. Hence, f o r  e ight  
x p u t  channels, the highest value permitted 
f o r  f is given by s e t t i n g  
Thus f 5 I000 Hz (10) 
I f  we need to t e s t  a t  frequencies higher than 
1OdD Hz, 8 channels, we simply use more than 
one cycle of  the sinewave. 
%. number of input channels t h a t  can be 
handled by (MUX A-D) i n  K cycles of the  
operating frequency, f ,  is given by: 
Frrm the d i a g r a  of Figure 3 we note tha t  the 
a. .tn.)l algorithm is handled i n  the in te rva l  
of time, TL, minus the t i m  T. T is n w  equal 
t o  ( h/f) seconds. Since the need f o r  using 
multiple cycles occurs only a t  the higher 
fret. uencies , l i t t l e  res t r i c t ion  is imposed 
uher we are  forced t o  go t o  multiple cycles. 
llata Samples. Fc: each input frame of 
the reiurn s ignal  t t -~xefore ,  we compute an 
N value: f o r  t! . urposes  of control ,  the 
nls va l le  s o  cbtainrd const i tutes  a s ingle  
data point. . -  assessing the return s igna l  
fl om the t .  . tor,  the actual time his tory is 
of no v a l u ~ .  The infomation sought is the 
m s  le* 1. The servo speed must be geared t o  
the . - t e  of change of the information i n  the 
srqltai, not that  inherent i n  i t s  time history. 
H ce,  t h ~  servo speed is actual ly slow 
snough s o  that  we do not rlave the computer 
.xamin ? the return sig.111 continuously. I t  
can s r ~ p l e  one cycle of the wave ( f o r  the 
time dt.ration, T )  allowing a time, To, be- 
tween frames to  carry out the subsidiary 
Wring each time, To, the computer (CPU) cau- 
putes the leve: of  the return s ignal  from the 
samples derived during the previous ingesting 
period, T. It then derives a new control 
s igna l  t o  be sen t  t o  the  gain w n t r o l  r e g i s t e r  
of ?,n output variable-gain amplifier t o  
correct  f o r  any deviation i n  the return leve l  
from t h a t  specif ied by the program. 
The output amplifier, under CPU control,  
ca r r ies  out  the logarithmic gain-control 
function discussed above. 
*ciaen g. One parameter t h a t  has a 
large e f f e c t  t n the control  performance is 
the maximum value of the specimen Q expected. 
In analog systems, the operator must s e t  i n  
via  a f ron t  panel switch the expected specimen 
Q. With the d i g i t a l  system he mtrst likewise 
indicate  the Q to be expected v ia  instruct ions 
t o  the CPU. 
It is t o  the operator 's advantage never 
t o  c a l l  f o r  a larger  Q thar. actual ly occurs. 
I f  the specimen has no sharp resonances, the 
operator c a l l s  f o r  the l0w-Q parameter fo r  
the control.  For higher Q values, he uses the 
medium* parameter and for  very sharp 
resonances, he picks high*. The low* con- 
d i t ion  is defined as having Q-values between 
zero and 50; the medium+ condition is de- 
fined a s  having Q values between 50 and 200; 
the high-Q case as having Q values larger  
than 200. 
The d i g i t a l  system user has one import- 
an t  advantage over the user of an analog 
system. I f  he se lec t s  the wrong value of Q, 
^he control automatically corrects  h i s  
select ion f o r  the actual  value of  Q encounter- 
ed. This feature is discussed below. 
Control Loop Action. Figure 4 
i l l u s t r a t e s  the control loop i n  fur ther  de ta i l .  
x ( t )  is the return s i g ~  a1 received from the 
accelerometer system and its signal condition- 
er .  The gain of the system input amplifier,  
denotcd by Gi, is s e t  t o  a value consistent 
with the desired value of acceleration a t  the 
table, and the need to keep the rms level  of 
x ( t )  near t o  a ful l -scale  value. We must 
allow f o r  the peak/rms r a t i o  of the s igna l ,  
plus a need t o  recover from a large,  sudden 
signal a t  the table. I t  is indicated tha t  
the A/D must therefore he s e t  t o  handle 
s ignal  peaks a t  l eas t  twice the rms. The A/D 
converter has 12 b i t s ,  with 1 b i t  fo r  s ign,  
1 b i t  fo r  the average/peak allowance just  
discussed, 1 b i t  t o  allow f o r  the f a c t  t h a t  
Gi can only be s e t  i n  3 dB steps.  The nns 
level ,  therefore, approximates the 9th b i t  
i n  the A/D converter. (NOTE: For what follows, 
Figure 10 provides a logic flow diagram.) 
The number E' is then scaled by a fac tor  R as 
required by the compression r a t e  being used. 
The combined e f f e c t  of the loop time, TL, and 
the loop gain (as f ina l ly  s e t  by R) de t&aines  
the compression rate .  After scaling by the 
quantity R, the quantity E' is converted t o  
the f i n a l  amplitude level  cownand (output 
s iana l )  . 
There is then a f i n a l  word conversion t o  
convert D t o  a gain-caamand word to s e t  the 
gein of the output amplifier. 
The output amplifier is essen t ia l  i~ .  
performing the compression. It is impossible 
t o  s e t  gains merely by sh i f t ing  data  words 
d i g i t a l l y  i n  the CPU. There is nc way t o  do 
t h i s  and maintain control  accuracy over the 
wide dynamic range needed. There is only one 
ray to achieve compression *eedback having 
J e  s o r t  of character is t ics  proven essen t ia l  
over the years, f o r  e f fec t ive  sine-servo 
control,  and tha t  way employs a wide-ranging 
amplifier.  
Figure 4 - Control Loop 
The f i r s t  s t e v  a f t e r  V D  conversion is t o  
compute the mean square of the signal; i .e . ,  
t o  compute over the cycle r.f i n t e r e s t ,  
i= 
- 
2 2 Y = x = l/n Z x .  (13) 
1 = 
Compressor. The congression r a t e  is 
affected by the Q of  the specimen. I f  a high- 
Q specimen is being tes ted ,  it is necessary 
t o  slow the control loop down. Otherwise, 
the loop !:ecores unstable. I n  s e t t i n g  up a 
t e s t ,  we s e t  i n  a value of Q assumed t o  be 
the la rges t  tha t  we can expect across the 
frequency band of in te res t .  Thus, we are  i n  
e f fec t  assurr.ing a fixed Q across the band; 
and 53 the compression r a t e  (i .e. ,  $, 
Equation (3))  t o  be permitted a t  each present 
value of the frequency, f ,  must be proportion- 
a l  t o  f ;  the proportionality constant must 
obviously be inversely proportional t o  Q. 
Thus, the compression r a t e ,  9, can be written: 
Y is compared with the reference value, YR, 
and an e r r o r  number, e ,  produced. 
The reference level ,  YR, must be calculated by 
the computer f o r  each &nt on the t e s t  pro- 
f i l e ,  as determined by the control program. 
For each amplitude value required by 
the program, there is an optimum value f o r  the 
gain G , bringing the rms controlled leve l  a t  
point A, as close t o  the optimum value a s  the 
gain s teps of the amplifier allow. To com- 
p le te  the cal ibrat ion of the input c i rcu i t ry  
t o  l a ,  it is necessary for  the program t o  
adjust  the reference level ,  YR, to compensate 
for  the s i z e  of the minimum increment of gain 
i n  the amplifier Gi. But, changing the value 
of Y R  has the e f fec t  of a l t e r ing  the loop 
gain, and t h i s  e f f e c t  must be removed: a 
gain-normalizing factor ,  G ,  is introduced: 
The amplitude control loop as a servo- 
mechar.ism has a frequency response, f _, t h a t  
C 
is related t o  V by Equation (3) .  Obviously, 
fc  is affected by T, : 
Y 
The gain R a l so  a f fec t s  f . 
c '  
Thus, a t  any given frequency, In going from 
low+ t o  high+ conditions, the control-loop 
speed must be reduced; t h i s  can be accomplish- 
ed by a cowbination of two techniques: 
Thc quantity, e, is the Final normalized 
e r r o r  number. Error numbers e are summed, 
one number f o r  each i t e ra t ion  of  time. T 
The sum produces the number, E' : L' (a)  Increase the "data sample" time, T 
L' 
(b) Decrease the loop gain, R,  s o  t h a t  it 
takes m r e  control i t e r a t i o n s  t o  correct 
an error .  
By a mutual interact ion of TL and R, 
.- 
we force *, through f,, t o  follow the curves 
of Figure 5. It  is convenient w i t h  a binary 
CPU t o  a l t e r  the value of $ f o r  every octave 
change i n  f .  Thus, f o r  frequencies between 
, f = f j  and f = 2fj,  TL=TL, ;  then f o r  f 
betwe& f = 2f &d f + 4f3; we ahange T= 
t o  TL = 
j 
5 TLj. A t  the l w e r  end of  the 
frequency range, T f can be kept constant 
Lj j 
fo r  a given Q; a typical  relationship is: 
In moving from 1w-Q t o  medim-Q control ,  R 
is reduced by the fac tor  2-3; to go to high* 
control, R is reduced fur ther  by a factor  of  
(2%) 
Figure 5 - Automatic Compression Rates 
A t  the higher frequencles. re lat ionship 
(21) cannot be followed beyond a ce r ta in  
frequency, s ince T cannot be reduced below 
L 
the time duration needed f o r  the computer t o  
carry out the basic  work t h a t  must be done 
between "data samples." Thus, TL a t  the  high 
- 
en< of the spectrum is fixed and R must be 
adjusted to compensate. 
As mentioned above, the d i g i t a l  system 
can out-perform an analog s ine  control system 
i n  one important respect. The user se lec t s  
whether he intends to run a t  the  low*, 
merliurn-Q, o r  high-Q condition: i f  he chooses 
wrongly (i .e. ,  i f  he se lec t s  too low a Q) , 
the computer notes the i n s t a b i l i t y  of the 
conrrol, and adjusts 9 automatically t o  
compensate: the adjustment is done in s teps 
of 2-l, u n t i l  s t a b i l i t y  is reached. (Of 
course, an upper l i m i t  f o r  2 is a l so  implied 
by the sweep rate  selected,  so  t h a t  a sweep 
slow-down is required as well a s  a compres- 
sion-rate slow-down; i f  such is indeed the 
case, though it could adjust the sweep rate ,  
the system is not presently programed t o  
do so,  but to abort! I t  would seem t h a t  
changing the sweep r a t e  is something the user 
should do. 
Logarithmic Frequency Sweee. The law 
usually followed i n  sine-sweep test ing s t a r t s  
slowly a t  low frequencies and increases the 
rate  of frequency change a t  higher frequen- 
cies;  it follows the logarithmic law: 
Hence, loge(f/fo) = b t  (23) 
I f  W is the sweep r a t e  i n  octaves per minute, 
I f  TS = "e sweep time i n  minutes (the time t o  
sweep from the lowest frequency, f , to  the 
highest.  fU) 
then, WP = log2 (fu/fZ) (25) 
A d i g i t a l  system sweeps by incrementing 
the  data  i n  the frequency reg is te r  of the 
o s c i l l a t o r  a t  the correct  rate. Thus, t o  
carry out a given frequency sweep, the 
o s c i l l a t o r  is addressed from time t o  time by 
the computer and fed new "frequency" words. I t  
locks the frequency of the output sinewave to 
the l a t e s t  "frequency" used. In  order tha t  no 
resonances are  missed, we must keep 
where a is a number l ess  than unity. Let ~f 
be the frequency increment. Combining 
e q u a t i o ~ s ,  we can compute the corresponding 
time increment, D t .  A su i tab le  value f o r  K 
is 0.3. Hence, 
It is reasonable t o  s e t  
An acceptable value f o r  D t  is 0.1 seconds. 
Based on t h i s  value, we can s e t  up the follow- 
ing table  f o r  the maximum value of W ( i -e . ,  
W1) : 
TARLE 1 
Sweep Rate V s  Specimen Q 
Condition Assumed W 
Maximum Q 1 -
Lo Q .  50 5 oct/minute 
Medium Q 200 1.25 oct/minute 
High Q 1000 0.25 oct/minute 
The operator of the system must res t ra in  
W, t o  f i t  the above table. Once he has chosen 
L 
High Q, Lo Q o r  Medium Q,  he must not then 
se lec t  an incompatible W1. The above table  
sumnarizes basic  ph l*~ica i  limits imposed by 
the servo, and does not a r i ~ e  because e i t h e r  
a d i g i t a l  o r  anaiog system is used. The s i z e  
of the corresponding frequency increment is  
given by: 
Keeping D t  a t  100 milliseconds independent of  
the present value of  TL puts Df R t  
two variables Y and 2. T seconds l a t e r ,  the 
L ( j + l ) - s t  sample pa i r  (Y,+l. Zj+;) is oi.tained. 
Y and 2 are fed t o  two iden t ica l  low- , , 
pass f i l t e r s  within the  software of the 
couputer. These lw-pass f i l t e r s  a r e  obtained 
by d i g i t a l  f i l t e r  techniques. Their octputs. 
Y and Z , respectively, ara ,  of course, 
o j  o j  
derived from the stream of values Y, a ~ d  Z4. 
Thus, the computer arranges f o r  f i n e r  f re-  
quenq  increments, when W is less .  This is 
as it should be, s ince a reduced value of  W 
can be taken as implying the poss ib i l i ty  of 
encountering a resonance with a high Q and 
its corresponriing narrower bandwidth. The 
resonance therefore needs smaller frequency 
increments t o  be excited prcaerly. 
J J 
They a r e  ccmbined t o  obtain a s ingle  value, 
X :  j 
Tracking F i l t e r  Mode. An important 
method of  operation f o r  any swept-sine 
vibration control system is t o  control on the 
leve l  of  the fundamental of  the return 
acceleration s igna l ,  ra ther  than on the 
composite nns. With analog systems, a tracking 
f i l t e r  must be ad&d t o  the  control loop t o  
f i l t e r  the acceleration sig-tal. With the 
d i g i t a l  systein, no extra  hrrdware is required, 
the f i l t e r i n g  being done i n  software. The 
only hardware change is  t o  use one channel 
of the input MUX t o  bring i n  a frame of 
the full-scale o s c i l l a t o r  drive sinnal,  before 
it is applied t o  the output attenuator. In 
other  words, the o s c i l l a t o r  output, F l ( t )  , is 
2 
X replaces x2 i n  the servo block diagral.  j 
I n  working out conditions f o r  the 
tracking f i l t e r ,  the f i l t e r  3-dB bandwidt!!, 
B ,  must be wide enough t o  be useful. Very 
narrow values f o r  B a re  much e a s i e r  t o  design, 
but t h e i r  u t i l i t y  and e f f i c i e n c ~  are  limited 
t o  very special  s i tua t ions ,  since they force 
the user t o  r e s t r i c t  th? sweep speed that  can 
be permitted t o  very lw values. 
Since vibration phenoinena a re  usually 
constant-Q i n  nature, it is :..q useful t o  
have B proportional t o  f .  Thus, a s  f increases 
B must be widened. This cannot be achieved 
indefini te ly as f increases: there is a 
value of  f beyond which it is not p rac t ica l  
t o  widen B. 
t reated l i k e  another return s ignal ,  i d  is 
multiplexed with the accelerometer s igna l  o r  
s ignals  ( fo r  rnrltiple accelerometer control).  
Let 
Fl( t )  = A s i n  w t  (31) 
For servo-loop s t a b i l i t y ,  we must 
assume t h a t  From the input  samples taken during the time, 
T ,  the computer devctlops from each sample of 
P1(C), a second signal  F Z ( t ) .  
This is a basic  servo law that  can never be 
violated by d i g i t a l  o r  analog equipment. 
Hence, corresponding t o  the  conditions fo r  
which Equation (21) appl ies ,  e t  seq., we can 
draw up a s imilar  s e t  of conditions. We s e t  
BM as the absolutely maximum value of B t h a t  
can be pennitted. Smaller values of  B can 
always be obtained. 
F (t) and F Z ( t )  a r e  used a s  reference s ignals .  1 
The phase difference between Fl (t) and the 
data  samples is not important provided the MUX 
has low j i t t e r .  Each sample of the input 
s ignal  o r  signals being tracked is m ~ l t i p l i e d  
by the corresponding value of Fl(t) and of 
its derived value F2( t ) .  For each input The value of BM is influenced by R and 
TL. The followii~g table  gives values of B 
t h a t  a re  representative of what can be outain- 
ed with acceptable values of TL and R(T and 
L 
R, of course, a re  affected by f )  : 
signal ,  x (  t) , therefore, the  computer computes 
the dota gathered over each period, T, two 
data v a l w s ,  Y and R j j: 
TABLE 2 
Acceptable F i l t e r  Bandwidths 
f 
- 
B 
- 
Y, and z,, of course, are  computed by sunma- 
J J 
t ion.of the appropriate x ( t )  ' F( t )  products, 
fox the data samples gathered over the time, 
- .  
%. Thus, Y, and Z are the  j-th samples of 
j 
Referring back t o  t h e  discussion on con-. 
pression speed, t h e  CPU can use the la rges t  
value of the r a t i o  ( f n )  t o  be used i n  a given 
test, to s e t  the Q value f o r  determining #. 
MULTIPLE INPUTS 
mr large f r a g i l e  specimens, c o n t r o l l i m ~  
t o  a s iqnai  computed from the outputs of a 
number of control accelerometers is very 
desirable. nm methods of control are: 
(a) Averaging, (b) Extremal selection. With 
method (a ) ,  as has been discussed above, a l l  
the  return s igna ls  a r e  multiplexed over the 
frame duration, r. The sum of the sequence 
of a l l  HUX samples, normalized by the  nunber 
of  input channels, gives a mean square value 
f o r  control. 
With method (b) , control is switched t o  
the return s ignal  having the la rges t  (o r  small- 
e s t )  value. Ei ther  t h e  rms o r  peak value can 
be used. In e i t h e r  case, each input must have 
its level  computed separately during the time, 
r ,  and the decision carr ied out  as t o  fhe 
controlling channel inmediately a f t e r  the 
frame has passed. 
The speed of  select ion is a popular (and 
probably c r i t i c a l )  c r i t e r ion  i n  the specifying 
of a select ion system for  vibration control. 
I t  has been a big factor  i n  the specif icat ion 
of  analog select ion c i r c u i t s  and should be 
equally important with d i g i t a l  systems. It  is 
impcrtant, therefore, to  establ ish the maximm 
useful select ion speed. I t  turns out  the 
select ion speed depends on the speed of 
response (compression rate)  of the control 
loop. I t  is no use select ing f a s t e r  than the 
loop can respond, and extremely f a s t  select ion 
does not improve system performance. An 
estimate of the switching speed needed is 
important. Suppose we have two input s ignals  
and are  operating i n  a select ion mode. 
Suppose the f i r s t  s ignal  is i n  control,  with 
the second s igna l  i n i t i a l l y  s e t  to  zero 
amplitude Suppose now the second signal  
increase? m amplitude, the change following 
a s tep  function: the level  of the controlling 
s igna l  is passed instantaneously. The 
pat tern of change just  described represents 
the worst possible case. 
Assume, now, t h a t  the select ion is 
instantaneous by some miracle of  design. The 
control loop c o m n c e s  to reduce the e r r o r  
introduced a t  the co-npression rate .  The 
loop reduces a t  the  maximum r a t e  of 8.68 dB/ 
time constant. Three loop time constants 
reduce the e r r o r  t o  5% of its i n i t i a l  value. 
Now suppose instead of  the step-function 
change i n  the select ion,  we had the select ion 
process follow a ramp function s o  a s  to take 
a time equal t o  one loop time-constant t o  
reach the new e r r o r  signal.  Then the loop 
would require four time constants t o  reduce 
the e r ror ,  instead of three f o r  the case of 
instantanaow response, ( L  s low-dm of 33.3*). 
This seems a small decrease i n  performance, 
even f o r  the  extreme ciperating conditions 
surmised. I n  pract ice,  with slower sig.ml 
changes and slwer compression speeds, the 
slow-dwn is probably never l a rger  than 101. 
Besides speed, ~ i g n a l  weighting is 
another important fac tor  affect ing select ion 
design. Signal weighting can be dea l t  with 
i n  a number of ways. The e a s i e s t  method in- 
volves hardwark only: it is sxmply t o  adjust  
the  accelerometer s e n s i t i v i t y  as fed i n t o  
the  input normalizing amplifier,  i f  such ex is t s .  
Otherwise, weighting can be done i n  software 
by introducing scale  fac tors  t o  the control 
loop v i a  the  BU. 
Alarm/abort limits are  very useful  
features ,  easy to program i n t o  digi ta l-control  
systems. When the  acceleration leve l  
deviates from the desired by more than the 
alarm l i m i t ,  the  operator is not if ied.  I f  it 
deviates by more than the ak ? l i m i t ,  the 
t e s t  is t e  --hated. 
I t  , csessary ro eliminate f a l s e  
alarms oc .a, ;-. aborts. This can be done by 
having a i a m  ~ 2 d  abort controls  programed 
t o  a c t  i r l  some manner a s  the follcuing: 
A running count, n, is t o  be kept 
separately f o r  alarm and f o r  abort. 
Each period of time, T , the return 
L 
signal  is examined f o r  exceeding the 
alarm and the  abort levels.  I f  it does . 
exceed a level ,  the relevant count, n, 
is increased by unity. 
. . 
Each period of time, T,. the return 
I. 
signal  does not exceed a level ,  the 
relevant count, n, is decreased by unity. 
The value of n can never go negative. 
When n reaches the value Nor the relevant 
level  is  considered t o  have been exceeded, 
and abort  action is in i t i a ted .  , - 
N largely depends on experience. A value of  
two or  three f o r  No has proven sat isfactory.  
The s ine  control  system is unique i n  
one way. Its chief cause of consistent 
alarm/abort conditions is the encountering of 
a high-Q s i tua t ion  with too f a s t  a compression 
speed s e t  i n  by the W r a t o r .  Thus, when 
the control loop sees an alarm condition, i n  
addition t o  notifying the operator, it a l t e r s  
the compression lcop gain by decreasing the 
value of  R, as is described above. A C dB 
change is made. 
After an alarm condition has been 
reached, and is r e s e t  to zero, the action can 
commence again. I f  the alarm is again excerd- 
ed, R is again adjus tad by 6 dB. Thw , i; is 
possible f o r  the system to eventually correct  
fo r  a serious e r r o r  i n  the or iginal  specifica- 
t ion of Q. Thus, unlike any analog system, 
the system has the a b i l i t y  t o  adaptively 
adjust the control parameters, depending on 
the specimen Q. 
SPECIMEN PRGTECTION AND SAFETY 
In  common with raqdom control,  the 
specimen must be guarded against malfunction- 
ing of  CPU, amplifiers, MIX'S, e tc .  Most 
malfunctions a re  caught simply by t h e i r  
e f fec t s  of driving the s ignal  outside alarm 
and abort limits. 
One important item t o  be uniquely 
guarded against is f a i l u r e  of the accelero- 
meter. Several algorithms a r e  possible, 
but it has been proven t h a t  the bes t  scheme 
here actually copies the analpg protection . 
device: it measures the ra te  of change of  
the s iqnal  level  received from the accelero- . 
meter. I f  the increment i n  the time i~rcre-  
ment T is negative and exceeds a previously L 
established value, %, the excessive 
demand is assumed t o  be due t o  lack of an 
accelerometer ( return)  signal.  The serious- 
ness i n  se t t ing  the value of A depends on 
M 
the f r a g i l i t y  of the specimen, and the 
program must permit the user to s e l e c t  A 
a t  w i l l .  Whenever an abort is cal led fo* 
the computer attenuatas the drive s ignal  t o  
the shaker smoothly and gracefully t o  zero, 
prevanting any possible serious acceleration 
t ransients  from occurring. 
MIXED SINE/RANDOM 
Mixed sine/random test ing involves 
superimposing s ine  and rrndom t e s t s  on a 
spccimen simultaneously. The t e s t s  a re  
programmed individually, and the f i r s t  t a s k  
s f  the control is to separate the return 
sine s ignal  from the return random so  t h a t  
each type of signal can be used i n  its own 
control loop. 
The s ine component is eas i ly  pulled 
out of the random by using the tracking-fil- 
t e r  mode. Narrowing down the b a n a i d t h ,  B ,  
of the tracking " f i l t e r , "  is easy t o  do with 
a d i g i t a l  system, and makes mixed sine/random 
easy t o  accomplish from the s ine  : a n t  of 
view. 
The rarrc?:;,~ signal is  much more 
d i f f i c u l t  l o  extract  from the s ine  with a 
d i g i t a l  control system: the bes t  way t o  ex- 
t r a c t  che random seems t o  be as  follows: 
it: The mmposi.e return signal is fed t o  
the FFT process; and a Fourier transform 
of the composite signal is produced, ( 2 )  A t  
the present value of the frequency, f ,  of 
the sinewave, the FET l ine is  much higher i n  
level  because tha energy of the sinewave is 
superimposed, ( 3 )  Howsver, the  computer is 
aware of the l ines  affected, since it has 
con t r r l  of  f ,  and f o r  the l i n e  o r  l ines  i n  
the neighborhood of f ,  the random closed 
loop control ceases to function: instead, the 
PSD l eve l  cf  the output s igna l  is s e t  locked 
t o  t h a t  worked out before f swept i n t o  the 
region of the l ines .  Once f sweeps pas t  the 
l i m b )  i n  question, the closed-loop control 
is ayain f ree  to operate f o r  them. 
The principle  problem t o  be worked out  
with mixed sine/randan is the adjustment of 
the s igna l  l eve l s  through both the s ine  and 
random systems (the l a t t e r  on a PSD b a s i s ) ,  
to allow f o r  the presence of large, in te r -  
fe r r ing  signals.  Fortunately, it has been 
proven prac t ica l  t o  g e t  excel lent  control f o r  
a considerable range (35 dB o r  w r e )  i n  the 
value of the r a t i o  of (random r w ) / ( s i n e  
rms), the range being centered a t  0 dB. 
EXAMPLES 
Out of a multitude of t e s t  resu l t s ,  a 
few have been selected t o  i l l u s t r a t e  the s o r t  
of  equalization achievable mder  s ine  control. 
The f i r s t  t e s t  shows the equalization 
of a peak/notch f i l t e r  used t o  simulate an 
actual  shaker and specimen. See Figure 6. 
Figure 6 - Peak Notch Correction 
A notch rs s e t  close t o  500 Hz, and a peak 
close to 990 Hz: the Q of the notch is 61, 
and the Q of the peak is 72, f o r  a t o t a l  
p/n spread of 73 dB. The sweep ra te  is 0.5 
oct/min. The resul t ing control shows a 
maximum er ror  of 0.6 dB. Further reduction 
of the e r ror  is possible, i f  system para- 
meters are  adjusted. For example, the MVX 
sample r a t e  is s e t  by Equation ( 8 ) ;  i f  it 
is increased, re la t ive  t o  ( l / r ) ,  the e r r o r  
can eas i ly  be cut i n  half .  Hwever, the 
present values fo r  the parameters would seem 
adequate f o r  p rac t ica l  control.  
New we t u rn  t o  a more interest ing 
example. I n  t h i s  example, e igh t  accelerometers 
ate placed dong  a resonant beam, and mounted 
on a shaker. Control is affected as follows: 
control to the maximum leve l  of inputs  #A, 
13, #4,  IS, #F, #7, 18; input #A is the  
average of acceleration s ignals  tl, B2; 
inputs # 3  through 16 are  the signals out of 
the corresponding accelerrnneters , weighted 
by a fac tor  0.25; inputs #7, #8, weighted by 
a factor  0.125. 
The program specified is: 0.75 G,  
10 H e  t o  100 Hz; constant DA from 5 Hz t o  
10 Hz; sweep rate: 4 oct/min. Figure 7 
shows the input program, with channel t ?  
s ignal  superimposed; we see a t  what frequency 
channel #2 i n  e f f e c t  takes over a l l  by i t s e l f ,  
channel #1 yielding too weak a s ignal  a t  those 
frequencies t o  contribute s ignif icant ly t o  #A. 
We a lso  see where the signal from 
channel #2 does not control alone; e i t h e r  the 
average o r  one of the other  signals controls 
i n  the regions where s ignal  %2 drops away. 
Figure 8 shows the return s ignal  from 
accelerometer #8; it must reach 6 G t o  take 
control,  and only achieves t h i s  level  when 
the drive frequeacy is 36 Hz approximately. 
Figure 9 p lo t s  a l l  c i g h t  input acceleration 
s ignals ,  weighted. 
Figure 7 - Channel No. 2 
CONCLUSION 
Swept-sine vibration test ing provia-s 
many interest ing and unique aspects of 
i n t e r e s t  i n  the tbchniques of shaker control.  
Cortrol is essent ial ly  non-stationary i n  
nature, as  opposed t o  random control o r  
shock pulse control. Adaptive servo 
techniques have proven pract ical  and useful.  
o r  pulse control. And there is no opportunity 
here of glossing over the dynamic-range per- 
fonnance. The sinewave stands out c lea t  
and unencumbered. 
The v e r s a t i l i t y  of d i g i t a l  s ine  control 
is obvious. I t  w i l l  only be a matter of time 
when its po t tn t ia l  w i l l  be fu l ly  real ized 
f o r  handling test ing s i tua t ions  where anal- 
devices have performed marginally a t  best ;  
f o r  example, it w i l l  not be long before it 
w i l l  be reported 'hat a p rac t ica l  d i g i t a l  
system has been developed f o r  the simultaneous 
phase and amplitude control of multiple 
shakers connected by a common resonant load, 
the  goal of considerable desire  and e f f o r t  
over the pas t  years. 
to. 
! 1 
Figure 8 - Channel No. 8 
Figure 9 - A l l  Channels - Eight-Channel Control 
The control of swept-sine vibration 
test ing involves handling of much wider 
dynamic ranges than are required with randm 
Ratz 
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Figure 10 - Logic Flow (Ref: Figure 4) 
TIME HISTORY SYNTHESIS FOR 
SHOCK TESTING ON SHAKERS 
0. 0. Smallwood 
Sand ia  L a b o r a t o r i e s  
A lbuquerque ,  New Mex ico  
S e v e r a l  d i g i t a l  methods now i v a i l a b l e  f o r  m a t c h i n g  shock 
s p e c t r a  w i t h  o s c i l l a t o r y  t y p e  t r a n s i e n t s  a r e  r e v i e w e d  and 
t h e  m e r i t s  o f  each d i s c u s s e d .  The methods i n c l u d e  WAVSYh. 
SHOC, sums o f  d e c a y i n g  s i n u s o i d s ,  f a s t - s i n e  sweeps, modu- 
l a t e d  pseudo random n o i s e ,  c l a s s i c a l  p u l s e s ,  and t h e  m'zthod 
o f  l e a s t  f a v o r a b l e  response .  W h i l e  t h e  l a s t  method i s  q o +  
s c r i c t l y  a  method f o r  m a t c h i n g  shock s p e c t r a ,  i t  i s  close , 
r e l a t e d .  The d i s c u s s i o n  i s  l i m i t e d  t o  p r o c e d u r e s  fo:. sy :  
t h e s i z i n g  t h e  viaveform. A d d i t i o n a l  p a r a m e t e r s  ( i n  a d d i : . l t  
t o  t h e  shock s ~ e c t r u m l  w h i c h  can be s o e c i f i e d  t o  l i m i t  t h  
1 s l a s s e s  o f  f u n c t i o n s  a v a i l a b l e  f o r  p e r f o r m i n g  a  p a r t i c u l a ~  
, t e s t  a r e  d i s c u s s e d .  I 
INTRODUCTION 
The need f o r  an o s c i l l a t o r y - t y p e  
p u l s e  t o  r e p r e s e n t  c e r t a i n  f i e l d  en- 
v i r o n m e n t s  has been r e c o g n i z e d  f o r  
s e v e r a l  y e a r s .  D u r i n g  t h i s  p e r i o d ,  
i t  was a l s o  r e c o q n i z e d  t h a t  e l e c t r o -  
dynamic o r  e l e c t r o h y d r a u l i c  s h a k e r  
systems were w e l l - s u i t e d  f o r  r e p r o -  
d u c i n g  t h e s e  p u l s e s .  W i t h  t h e  d e v e l -  
opment o f  d i g i t a l  c o n t r o l  t e c h n i q u e s  
i t  became p o s s i b l e  t o  r e p r o d u c e  v e r y  
complex t i m e  h i s t o r i e s .  T h e r e f o r e ,  
c o n s i d e r a b l e  e f f o r t  has been expended 
i n  d e v e l o p i n g  t h e s e  methods. 
A  coml#,on t o o l  f o r  measur ing  t h e  
c h a r a c t e r  o f  a  t r a n s i e n t  has been t h e  
shock response  spec t rum o f  t h e  e v e n t .  
As a  r e s u l t ,  many c u r r e n t  methods a r e  
based on  p r o d u c i n g  a  t r a n s i e n t  whose 
shock  spec t rum matches a  s p e c i f i e d  shock 
spec t rum.  A l t h o u g h  c o n s i d e r a b l e  con-  
t r o v e r s y  s t i "  e x i s t s  r e g a r d i n g  t h e  
v a l u e  o f  t h e  shock spec t rum,  i t s  use 
i s  v e r y  common and w i l l  c o n t i n u e  f o r  
y e a r s  r e g a r d l e s s  o f  t h e  outcome o f  t h e  
c o n t r o v e r s y .  Because o f  i t s  p r o j e c t e d  
use and t h e  f a c t  t h a t  p r o c e d u r e s  w h i c h  
e x i s t  can r e s u l t  i n  q d i t e  d i f f e r e n t  
waveforms, i t  was f e l t  t h a t  a  r e v i e w  
o f  t h e  a v a i l a b l e  t e c h n i q u e s  wou ld  be 
u s e f u l .  
B o t h  a n a l o g  and d i g i t a l  methods 
a r e  b e i n g  used. However, t h e  p u r p o s e  
o f  t h i s  paper  i s  t o  r e v i e w  t h e  d i g i t a l  
t e c h n i q u e s .  The p r o b l e m  addressed  i n  
t h i s  paper  i s :  g i v e n  a  s p e c i f i e d  shock 
s p e c t r u m  how can a  waveform be genera -  
t e d  w h i c h  w i l l  have t h e  same ( w i t h i n  
some t o l e r a n c e )  shock spect rum. The 
companion p r o b l e m  o f  how t o  r e p r o d l ~ c e  
t h e  s y n t h e s i z e d  t i m e  h i s t o r y  i s  l e f t  
f o r  a n o t h e r  p a p e r .  
B e f o r e  t h e  t i m e  h i s t o r y  s y n t h e s i s  
can be d i s c u s s e d ,  t h e  l i m i t a t i o n s  p l a c e d  
on t h e  waveform by t h e  shaker  sys tem 
w i l l  be r e v i e w e d .  
The t y p e s  o f  t r a n s i e n t  v i b r a t i o n  o r  
shock o u l s e s  w h i c h  can b e  a c c u r a t e l y  
r e p r o d i c e d  on b o t h  e l e c t r o d y n a m i c  and 
e l e c t r o h y d r a u l  i c  e x c i t e r s  a r e  v e r y  
much dependent  on t h e  p h y s i c a l  l i m i t a -  
t i o n s  o f  t h e  e x c i t e r s .  These 1  i m i  t a -  
t i o n s  a r e  l i s t e d  i n  T a b l e  1  and a r e  
b r i e f l y  d i s c u s s e d  h e r e .  
TABLE 1  
E x c i t e r  L i m i t a t i o n s  
--- 
m m i t a t i o n  
Number I n i t i a l  F i n a l  M i i~ imum 
1  E iO)  = 0  X ( T )  = O L i m i t e d  
2 i ( 0 )  = 0  i ( T )  = 0  L i m i t e d  
3 x ( 0 )  = 0  x ( T )  = 0  L i m i t e d  ( E l e c t r o -  
dynamic )  
The i n i t i a l  and f i n a l  a c c e l e r a t i o n  
and v e l o c i t y  o f  a  t r a n s i e n t  mus t  be 
D. 0.  Sma l lwood  
z e r o  f o r  b o t h  e l e c t r o d y n a m i c  a n d  e l e c -  
t r o h y d r a u l l c  e x c i t e r s .  As  w i t h  a n y  
t y p e  o f  t e s t i n g  m a c h i n e ,  maximum 
a t t a i n a b l e  v a l u e s  o f  a c c e l e r a t i o n  
a n d  v e l o c i t y  a r e  l i m i t e d .  A c c e l e r a -  
t i o n  i s  a c t u a l l y  l i m i t e d  b y  t h e  f o r c e  
c a p a b i l i t i e s  o f  t h e  e x c i t e r .  
F l e x u r e s  i n  e l e c t r o d y n a m i c  e x c i t e r s  
g e n e r a t e  r e s t o r i n g  f o r c e s  w h i c h  
r e t u r n  t h e  e x c i t e r  t a b l e  t o  i t s  
o r i g i n a t i n g  p o s i t i o n  ( d e f i n e d  a s  t e r n ) .  
a n d  l i m i t a t i o n  3 h o l d s .  T h i s  i s  n o t  a  
r e q u i r e m e n t  f o r  e l e c t r o h y d r d u l i c  s y s -  
tems; howeve r ,  b y  i m p o s i n g  t h i s  1  i m i  t a -  
t i o n  o n e  c a n  t a k e  a d v a n t a g e  o f  b o t h  t h e  
f o r w a r d  a n d  r e t u r n  p o r t i o n  o f  t h e  
s t r o k e  t o  g e n e r a t e  t h e  r e q u i r e d  t r a n -  
ien:. T h i s  e f f e c t i v e l y  r e s u l t s  i n  
d o u b l i n g  t h e  d i s p l a c e m e n t  c a p a c i t y  o f  
t h e  e x c i t e r  f o r  g e n e r a t i n g  t r a n s i e n t s .  
Thus f o r  t h e  p u r p o s e s  o f  t h i s  d i s c u s -  
s ' o n  l i m i t a t i o n  3 w i l l  a l s o  b e  c o n s i d -  
e r e d  a  l i m i t a t i o n  f o r  a n  e l e c t r o -  
h y d r a u l  i c  e x c i t e r .  
The ' . i t i a l  s l o p e  o f  a  l i g h t l y  
damped s h o c k  s p e c t r u m  i s  r e l a t e d  t o  t h e  
v e l o c i t y  a n d  d i s p l a c e m e n t  changes  r e -  
q u i r e d .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  
1 .  H e r e  i s  a n  e x a m p l e  o f  w a v e f o r m s  f o r  
d i f f e r e n t  v a l u e s  o f  t h e  i n i t i a l  s : a p e  
( i . e . ,  t h e  s l d p e  o f  t h e  s h o c k  s p e c t r u m  
a s  t h e  f r e q u e n c y  a p p r o a c h e s  z e r o  o n  a  
l o g - l o g  p l o t ) .  N o t e  t h a t  t h e  s h a k e r  
l i m i t a t i o n s  w i l l  r e q u i r t  t h a t  o n l y  
p u l s e s  o f  t h e  l a s t  t y p e  M>12) c a n  b e  
r e p r o d u c e d  on  a  s h a k e r  s y s t e m .  I f  t h e  
i n i t i a l  s l o p e  o f  t h e  s p e c i f i e d  s h o c k  
s p e c t r u m  i s  n o t  g r e a t e r  t h a n  12  dB/ 
o c t a v e  t h e r e  w i l l  e x i s t  d l o w e r  f r e -  
q u e n c y  b e l o w  w h i c h  t h e  s h a k e r  d i s p l a c e -  
m e n t  and  v e l o c i t y  l i m i t s  w i l l  n o t  p e r -  
m i t  t h e  s p e c t r u m  t o  b e  m a t c h e d .  I f  t h e  
t e s t  i t e m  r e s p o n d s  l i k e  a  r i g i d  b o d y  a t  
a l l  f r e q u e n c i e s  l e s s  t h a n  t h i s  l o w e r  
l i m i t  a n  a r g u m e n t  c a n  be made t h a t  i t  
i s  n o t  i m p o r t a n t  t o  m a t c h  t h e  s p e c t r u m  
i n  t h i s  r a n g e .  
T e c h n i q u e s  u s i n g  o s c i l l a t o r y  
p u l s e s  whose s h o c k  s p e c t r a  h a v e  a n  
i n i t i a l  s l o p e  o f  5 = 1 ,  a s  f o r  e x a m p l e  
d e c a y i n g  s i n u s o i d s ,  h a v e  b e e n  a o d e r a t e l y  
s u c c e s s f u l  b e c a u s e  t h e  s h a k e r  s y s t e m  
w i l l  a c t  as a  h i g h - p a s s  f i l t e r  r e m o v i n g  
t h e  l n w  f r e q u e n c y  e n e r g y  f r o m  t h e  wave- 
f o r m .  T h i s ,  c c m b i n e d  w i t h  t h e  f l e x u r e  
r e s t o r i n g  f o r c e ,  w i l l  f o r c e  t h e  v e l o -  
c i t y  a n d  d i s p l a c e m e n t  t o  r e t u r n  t o  
z e r o .  The manner  i n  w h i c h  t h e  a c c e l e r a -  
t i o n - t i m e  w a v e f o r m  i s  d i s t o r t e d  t o  r e -  
m v e  t h e  v e l o c i t y  a n d  d i s p l a c e m e n t  
c h a n g e  w i l l  be  c h a r a c t e r i s t i c  o f  t h e  
i n d i v i d u a l  s h a k e r  s y s t e m  u s e d .  T h i s  
makes i t  d i f f i c u l t  t o  p r e d i c t  t h e  
v e l o c i t y  and  d i s p l a c e m e n t  w a v e f o r m s  
u n t i l  a f t e r  t h e  t e s t  i s  r u n .  The 
v e l o c i t y  a n d  d i s p l a c e m e n t  w a v e f o r m s  
F i g .  1  - I n i t i a l  S l o p e  o f  t h e  Shock  
S p e c t r u m  f o r  Some Common 
Waveforms 
a r e  i m p o r t a n t  a s  t h e  s h a k e r  s y s t e m  
p l a c e s  l i m i t s  o n  t h e  m a g n i t u d e s  w h i c h  
c a n  b e  r e p r o d u c e d .  
The s h o c k  s p e c t r u m  a t  v e r y  h i g h  
f - e q u e n c i e s  i s  i d e n t i c a l  t o  t h e  peak  
a m p l i t u d e  o f  t h ~  i n p u t  t i m e  h i s t o r y .  
A g a i n  t h e  s h a k e r  l i m i t a t i o n s  w i l l  
d e t e r m i n e  i f  t h i s  l e v e l  c a n  b e  r e p r o -  
duced.  I n  many r e a l  s p e c i f i c a t i o n s  
t b e  s h o c k  s p e c t r u m  i s  n o t  s p e c i f i e d  
t o  a  h i g h  Enough f r e q u e n c y  t o  d e t e r n ~ i n j  
t h e  r e q u i r e d  peak  i n p 2 t .  I n  t h i s  c a s e  
s a n e  f l e x i b i l i t y  i s  a v a i l a b l e  i n  
s y n t h e s i z i n g  t h e  p u l s e .  
h i t h  t h i s  i n t r o d u c t i o n  t o  t h e  
1  i m i t a t i o n s  o f  s h a k e r  s y s t e m s  a n d  t o  
t h e  c h a r a c t e r i s t i c s  o f  a  s h o c k  s p e c t r u m .  
t h e  me thods  u s e d  t o  g e n e r a t e  a  t i m e  
h i s t o r y  whose s h o c k  s p e c t r u m  w i l l  m a t c h  
a  s p e c i f i e d  s p e c t r u m  c a n  b e  d i s c u s s e d .  
PARALLEL FILTER METHODS 
The f i r s t  m e t h o d  d i s c u s s e d  i s  t h e  
p a r a l l e l  f i l t e r  me thod .  T h i s  t e c h n i q u e  
i s  a d i r e c t  d i g i t a l  i m p l e m e n t a t i o n  o f  
o l d e r  a n a l o g  m e t h o d s  [ l l .  U s i n g  t h i s  
t e c h n i q u z  t h e  w a v e f o r m  s y n t h e s i s  and 
s h a k e r  e q u a l i z a t i o n  a r e  n o t  s e p a r a t e d  
b u t  a c c o m p l i s h e d  t o g e t h e r  w i t h  t h e  t e s t  
i t e m  a o u n t e d  on t h e  s h a k e r .  U s i n g  t h i s  
me thod  t h e  r e q u i r e d  s h o c k  s p e c t r u m  i s  
D. 0. Smal lwood 
b r o k e n  i n t o  r e g i o n s  ( f r e q u e n c y  ranges.  
t y p i c a l i y  113 o c t a v e s ) .  F o r  each r e g i o n  
t h e  p e i i  response  i s  s p e c i f i e d ,  a l o n g  
w i t h  a b a s i c  waveform whose e n e r g y  i s  
c o n c e n t r a t 2 d  i n  t h e  same f r e q u e n c y  range .  
Any o f  t h e  b a s i c  waveforms d i s c u s s e d  
l a t e r  c o u l d  b e  used. The mos t  common 
ones a r e  WAVSYN and  d e c a y i n g  s i n u s o i d s .  
I n  t h e  e a r l i e r  a n a l o g  methods t h e  b a s i c  
waveform was t h e  response  o f  a  bandpass 
f i l t e r  t o  an i m p u l s e .  An i n i t i a l  a m p l i -  
t u d e  f o r  each  b a s i c  waveform (one f o r  
each r e g i o n  o r  f r e q u e n c y  band)  i s  chosen 
and  a c o m p o s i t e  wa.leform i s  formed b y  
summing t h e  waveforms. T h i s  t i m e  h i s -  
t o r y  i s  t h e n  a p p l  i e d  t o  t h e  power amp1 i - 
f i e r  and t h e  c o n t r o l  a c c e l ~ r c m e t e r  r e -  
sponse i s  measured. The shock  s p e c t r u r  
o f  t h e  r e s p o n s e  i s  c a l c u l a t e d  and com- 
p a r e d  w i t h  t h e  r e q c i z e d  spectrum. T h i s  
i n f o r m a t i o n  i s  t h e n  used t o  m o d i f y  t h e  
a m p l i r u d e s  o f  t h e  b a s i c  waveforms and 
t h e  p r o c e s s  ;% r e p e a t e d  as  i l l u s t r a t e d  
i n  F i g u r e  2. 
PICK INITIAL /ULIN*I( 
ed F l o w  C h a r t  f o r  a  
F i l t e r  I t e r a t i o n  
F i g .  3 - A M o d i f  
P a r a l l e  
Method 
checked.  I f  t h e  
s p e . c i f i c a t i o n s  t 
spec t rum i s  n o t  w i t h i n  
e p r o c e d u r e  i s  s t a r t e d  h 
o v e r  a t  t h e  l o w e s t  f r e q u e n c y  u s i n g  t h e  
p r e ~ i o u s l y  d e t e r m i n e d  a m p l i t u d e s  as 
s t a r t i n g  v a l u e s .  U s i n g  t h i s  t e c h n i q u e  
o n l y  one f r e q u e n c y  component a t  a  t i m e  
i s  m o d i f i e d .  As a r e s u l t ,  t h e  method 
i s  more s t a b l e  t h a n  t h e  p r e v i o u s  method 
(more l i k e l y  t o  c o n v e r g e )  as t h e  i n t e r -  
a c t i o n  between components i s  l e s s  l i k e -  
l y  t o  cause p rob lems.  The advan tage  o f  
t h e  p r e v i o u s  method i s  t h a t  i f  a s t a b l e  
s o l u t i o n  i s  found,  f e w e r  p u l s e s  a r e  r e -  
q u i r e d  .:o e q u d l i z e  t h e  system. 
COMPUTE SHOCK 
SPfCT&JM AT M 
FRfWfWlfS fi 
AWD CWPAE WITH 
REWlED SPfCTRJM n 
F i g .  2 - A F low C h a r t  f o r  a  P a r a l l e l  
F i l t e r  I t e r a t i o n  Method Th? o n l y  d i f f e r e n c e  between t h e  d i g i t a l  i m p l e m e n t a t i o n  and t h e  o l d e r  
a n a l o g  methods i s  t h a t  a  l a r g e r  v a r i e t y  
o f  b a s i c  waveforms can be used, t h e  
shock spec t rum i s  computed d i g i t a l l y ,  
and more s o p h i s t i c a t e d  and au tomated  
an, l i t u d e  m o d i f i c a t i o n  methods can be 
used.  The advan tages  o f  t h e s e  methods 
i n c l u d e :  The methods a r e  r e l a t i v e l y  
easy t o  imp lement  and use, as d e t a i l s  
o f  t h e  t i m e  h i s t o r y  a r e  n o t  c o n t r o l l e d .  
Q u i t e  l a r g e  v a l u e s  o f  t h e  shock r e -  
A v a r i a t i o n  o f  t h e  p r o c e d u r e  c u t -  
l i n e d  i n  F i g u r e  2 i s  shown i n  F i g u r e  
3. The p r i n c i p a l  d i f f e r e n c e  between 
t h i s  v a r i a t i o n  and t h e  p r e v i o u s  one i s  
t h a t  t h e  f r e q u e n c y  components a r e  added 
one a t  a t i m e  s t a r t i n g  w i t h  t h e  l o w e s t  
f r e q u e n c y  and w o r k i n g  up t o  t h e  h i g h e s t  
f requency .  When a l l  t h e  compcnents 
have been added t h e  c o m p l e t e  s p e c t r u m  i s  
0. 0. Smallwood 
sponse spectrum can be generated as 
t h e  shaker i s  n o t  r e q u i r e d  t o  be equa l -  
i z e d  ove r  sharp notches i n  t he  f requency 
response f u n c t i o n .  Th is  tends t o  con- 
c e n t r a t e  t h e  p u l s e  energy i n  those f r e -  
quencies where t h e  shaker responds w e l l .  
A lso  s i n c e  e q u a l i z a t i o n  i s  good o n l y  i n  
a  broad sense, 9 l a r g e  v a r i e t y  o f  shock 
s p e c t r a  can be matched. The disadvan- 
tages i nc lude :  Since d e t a i  1s o f  t h e  
t i f i e  h i s t o r y  a r e  n o t  c o n t r o l l e d ,  l i t t l e  
i s  known about t he  v e l o c i t y  and d i s -  
p lacement requirements.  Because t h e  
shaker i s  n o t  equa l i zed  w i t h  a  f i n e  
f requency r e s o l u t i o n ,  a l l  f r equenc ies  
may n o t  be adequate ly  t es ted .  I f  t h e  
shock s9ectrum i s  ana lyzed w i t h  a  f i n e r  
r e s o l u t i o n  than t h e  i n i t i a l  range, 
d e v i a t i o n s  f rom t h e  r e q u i r e d  spectrum 
may be found. 
d r e  added t o  syn thes i ze  a  t ime  h i s t o r y  
t o  match a  complex shock spec t ra .  
TIME HISTORY SYNTHESIS 
Severa l  methods have been developed 
t o  syn thes i ze  a  t ime  h i s t o r y  which w i l l  
match a  s p e c i f i e d  shock spectrum. The 
s y n t h e s i s  i s  u s u a l l y  done on a  d i g i t a l  
computer. I t  i s  assumed t h a t  t h i s  t ime  
h i s t o r y  can be reproduced on a  shaker 
system us ing  methods o r i g i n a l l y  deve l -  
oped by Favour and LeErun 123 and w i l l  
n o t  be d iscussed i n  t h i s  paper. Severa l  
o f  t h e  nethods have checks i n c l u d e d  t o  
determine t h e  s u i t a b i l i t y  o f  t h e  t r a n -  
s i e n t  f o r  shaker rep roduc t i on .  Re- 
p roduc ing  t h e  p u l s e  on t h e  shaker system 
i s  independent o f  t h e  procedure  t o  
develop the  waveform. 
O?e method w i l l  be d iscussed i n  
d e t a i l .  The remain ing  methods w i l l  be 
d iscussed more b r i e f l y  as the  procedures 
a r e  s i m i l a r .  The f i r s t  method d iscussed 
i s  sums o f  decaying s inuso ids  (DS). The 
o t h e r  methods d iscussed i n c l u d e  WAVSYN, 
Shaker Opt imized Cosines (SHOC), f a s t -  
s i n e  sweeps, modulated random no ise .  
m o d i f i c a t i o n  o f  f i e l d  t ime h i s t o r i e s .  
c l a s s i c a l  pu lses ,  and l e a s t  f a v o r a b l e  
responses. 
Sums o f  Decaying S inuso ids  
I t  has been recogn ized f o r  yea rs  
t h a t  many f i e l d  environments can be 
adequate ly  represented by sums o f  
decaying s inuso ids ,  and as a  ~ e s u l t  
seve ra l  au thors  r 3 ,  4, 53 have sug- 
gested t h e i r  use t o  match shock spect ra .  
The usua l  bas i c  waveform i s  g i ven  by 
The b a s i c  waveform i s  shown as 
F i g u r e  4, and t h e  normal ized shock 
spect ra ,  f o r  seve ra l  values o f  c a r e  
shown as F i g u r e  5. Several  waveform; 
F ig .  4 - Decaying S inuso id  Acce le ra t i on ,  
V e l o c i t y  and Displacement Char- 
a c t e r i s t i c s  
F i g .  5 - Normal ized Shock Spect ra  f o r  a  
S i n g l e  Frequency Decaying 
S inuso id  
0. 0. Smallwood - 
However, t h i s  waveform does n o t  
meet t h e  requirements of  a zero  v e l o c t t y  
and displacement change. I f  an a t tempt  
i s  made t o  reproduce t h i s  waveform, i t  
w i l l  be s l i g h t l y  d i s t o r t e d  by t h e  shaker 
system removing t h e  v e l o c i t y  and d i s -  
placement change. S ince t h e  exac t  d i s -  
t o r t i o n  w i l l  be a f u n c t i o n  o f  t h e  shaker 
system, i t  becomes d i f f i c u l t  t o  p r e d i c t  
t h e  v e l o c i t y  and displacement nwe fo rms .  
Two m o d i f i c a t i o n s  o f  t h e  bas i c  wave- 
fo rm have been suggested. The au tho r  
131 suggested t h a t  a t i r e - s h i f t e d ,  h i g h l y  
damped decaying s i n u s o i d  be added f o r  
v e l o c i t y  and displacement compensation. 
I t  i s  a l s o  p o s s i b l e  t o  i n t r o d u c e  t ime  
s h i f t s  t o  improve t h e  appearance o f  t h e  
waveform. A l l o w i n g  f o r  t i m e  s h i f t s  o f  
t h e  i n d i v i d u a l  components, t h e  waveform 
becomes 
0 tan-' -'cum w 
- -  t a n - ' m  
c2-w2 a-c 
m 
where 
The f i r s t  two terms a r e  added f o r  
v e l o c i t y  and displacement compensation. 
The phase s n i f t .  0,  i s  added t o  f o r c e  
t h e  i n i t i a l  va lue  t o  zero.  
A p l o t  o f  a t y p i c a l  m o d i f i e d  pu l se  
i s  shown as F i q u r e  7. 
The magnitude (Ac) and t h e  s h i f t  
(T) o f  t h e  v e l o c i t y  end displacement 
compensating pu l se  a r e  f i x e d  by t h e  o t h e r  
parameters. A p l o t  o f  a t y p i c a l  waveform 
i s  shown as F i g u r e  6. 
P ras tho fe r  and Nelson C41 suggested 
v e l o c i t y  and displacement compensation 
by adding two exponen t ia l  pu lses and a 
phase s h i f t  t o  t h e  decaying s inuso id  t o  
g i v e  
F ig ,  6 - Mod i f i ed  Decaying S inuso id  
0. 0. Smallwood 
TIME 
7 - M o d i f i e d  Decaying S inuso id  
A s e t  o f  curves  can a l s o  be gener-  
a t e d  wh ich  g i ves  t h z  peak response 
r a t i o s  ( t h e  r a t i o  o f  t h e  peak response 
t o  t h e  i n p u t  amp l i t ude  a t  t he  f requency 
o f  h i g h e s t  response) as a f u n c t i o n  o f  
t h e  decay r a t e  ( c )  o f  t h e  decaying 
s i n u s o i d  and the  damping f a c t o r  ( r ~ )  o f  
t h e  shock spectrum ( F i g u r e  8) .  
Example Us inq Decaying S inuso ids  
L e t  us assume a t e s t  r e q u i r e s  t h a t  
a p u l s e  be reproduced on an e l e c t r o -  
h y d r a u l i c  shaker system. The r e q u i r e d  
shock spectrum i s  g i v e n  i n  F i g u r e  9. A 
t y p i c a l  f i e l d  t i m e  h i s t o r y  which r e s u l t e d  
i n  t h e  r e q u i r e d  composi to shock spectrum 
i s  a l s o  i r l c luded ( F i g u r e  10)  f o r  compar i -  
son purposes. The shaker l i m i t a t i o n s  
a re :  peak a c c e l e r a t i o n  50 g ' s  o-p, peak 
v e l o c i t y  120 i n / sec  o-p, and peak d i s -  
p lacement 8 i n  p-p. The p u l s e  w i l l  be 
composed o f  sums o f  decay ing s i n u s o i d s  
compensated u s i n g  t h e  ,:sthod suggested 
by  the  au tho r .  
The spectrum cannot  be matched a t  
t h e  l owes t  f requency because t h e  s lope  
o f  t h e  spectrum i s  l e s s  than  12 d b l o c t .  
I n  a c t u a l  f a c t ,  a 16  f t l s e c  v e l o c i t y  
change i s  assoc ia ted  w i t h  t h e  spectrum. 
I t  w i l l  be assumea t h a t  t h e  t e s t  i t e m  
i s  n o t  l i k e l y  t o  have a..y resonances 
below 6 Hz o r  above 115 Hz and t h e  spec- 
t r um w i l l  be matched f rom 4 Hz t o  115 
Hz. The f i r s t  s t e p  i s  t o  assume a l l  
t h e  decay ing s i n u s o i d s  w i l l  a c t  i n -  
dependent ly.  Us ing F lgu res  5 and 8 t h e  
ampl i tudes and decay r d t e s  f o r  t h e  
components can be p icked.  A 4 Hz 
p u l s e  i s  p i cked  t o  r a i s e  the l ow  end o f  
t h e  spectrum. A l a r g e  decay r a t e  i s  
p i c k e d  t o  keep t h e  spectrum reasonab ly  
f l a t  i n  t h i s  reg ion .  F a r t h e r  f r e -  
quencies a r e  p i cked  a t  rhe  peaks i n  t h e  
spectrum. 
The i n i t i a l  es t ima tes  ( T r i a l  0 )  a r e  
shown i n  F i g u r e  11 and Table 2. From 
d isp lacement  c o n s i d e r a t i o n s  t h e  compen- 
s a t i n g  f requency i s  p i cked  a t  1 Hz w i t h  
a decay r a t e  o f  1.0. The shock spectrum 
o f  t h e  composi te p u l s e  i s  shown on 
F i g u r e  12. The spectrum i s  l ow  a t  4 Hz 
due t o  t h e  i n t e r a c t i o n  o f  t h e  1 Hz pu lse .  
The spectrum i s  a l s o  law f rom 4-12 Hz. 
h i g h  f rom 12-90 Hz, and l ow  above 90 Hz. 
As expected the  assumption o f  independ- 
ence was o n l y  approximate.  An i t e r a t i v e  
procedure  i s  then used t o  modi fy t h e  
component ampl i tudes t o  match t h e  spec- 
t rum a t  t h e  f requenc ies  o f  t h e  decay ing 
#MY aATE I;! 
F i g .  8 - Peak Response R a t i o  f o r  d Decaying S inuso id  
0. 0. Smal lwood 
F i g .  9  - Example S p e c i f i e d  Shock Spectrum 
s u f : i c i e n t  and t h e  p u l s e  p . ramete rs  were  
w i t h i n  t h e  s h a k e r  c a p a b i l i t i e s .  
F i g .  11 - Compos 
Formed 
S i n u s o  
i t e  al.uck Spectrum 
b y  S e v e r a l  D e c a y i n g  
i d s  
F i g .  10  - A Sample Time H i s t o r y  
s i n u s o i d s .  One p o s s i b l e  i t e r a t i o n  
p r o c e d u r e  i s  o u t l i n e d  i n  F i g u r e  13. 
The r e s u l t s  a r e  shown i n  F i g u r e s  12 and 
T a b l e  3 as  T r i a l  1. R o t e  t h a t  t h e  s o l u -  
t i o n  does n o t  converge ;  i .e.,  t h e  a m p l i -  
t u d e s  o f  t h e  36 and 47  Hz components 
were r e d u c e d  t o  ze ro ,  b u t  t h e  s p e c t r u m  
was s t i l l  t o o  h i g h .  The h i g h  l e v e l  i s  
caused  by  t h e  i n t e r a c t i o n  o f  t h e  l o w e r  
f r e q v e n c y  components. F o r  t h e  n e x t  
t r i a l  ( T r i a l  2 ) ,  t h e  decay r a t e s  o f  t h e  
26 Hz, 36 Hz, 4 7  Hz, and 60 Hz compo- 
n e n t s  were l o w e r e d  t o  r e d u c e  t h e  i n t e r -  
a c t i o n .  Components a t  8 Hz and 80 Hz 
were added t o  r a i s e  t h e  l e v e l  n e a r  t h o s e  
f r e q u e n c i e - .  The l e v e l  o f  t h e  shock 
spec t rum a t  112 Hz was a l s o  r a i s e d  t o  
improve  t h e  match  a t  t h a t  f r e q u e n c y .  
A g a i n  an i t e r a t i o n  p r o c e d u r e  was used 
t o  d e t e r m i n e  t h e  component a m p l i t u d e s  
w h i c h  w o u l d  r e s u l t  i n  m a t c h i n g  t h e  r e -  
q u i r e d  spec t rum a t  t h e  component f r e -  
q u e n c i e s .  As b e f o r e  t h e  a m p l i t u d e  o f  
t h e  47 Hz component was r e d u c e d  t o  z e r o .  
T h i s  t i m e  t h e  s p e c t r u m  was a b o u t  5% 
h i g h  a t  47 Hz. The r e s u l t s  a r e  shzwn 
i n  T a b l e  4  and F i g u r e  12.  A t  t h i s  p o i n t  
i t  was d e t e r m i n e d  t h a t  t h e  match  was 
F i g .  12 - Shock Spectrum f o r  S e v e r a l  
Composi te  Waveforms Composed 
o f  Sums o f  Decay ing  S i n u s o i d s  
I n  t h i s  example an a c c e p t a b l e  match  
was a c h i e v e d  i n  two i t e r a t i o n s  ( T r i a l  0  
i s  n o t  coun ted ,  as  i t  i s  u s u a l l y  s k i p p e d ,  
b u t  was i n c l u d e d  f o r  i l l u s t r a t i v e  p u r -  
poses. )  The t i m e  h i s t o r i e s  o f  t h e  
a c c e l e r a t i o n ,  v e l o c i t y  and d i s p l a c e m e n t  
a r e  i n c l u d e d  as  F i g u r e s  14-16.  The 
p a r a m e t e r s  i n  T a b l e  4  can now be used t o  
d e f i n e  a  t i m e  h i s t o r y  t o  b e  r e p r o d u c e d  
on t h e  s h a k e r  system. 
0. 0. Smal lwood 
PRINT v w s  Of Ai.  : 6 .  
Wi. I.. Am. W* ,a. 
ACCELEMTW. VROClTY AND 
DISPUCfMWT ffQUlRWlRS -I ' I  
F i g .  13 - F low Diagram f o r  P i c k i n g  
Decay ing  S i n u s o i d s  t o  Match  
a G i v e n  Shock Spp- t rum 
TABLE 4 - Paramete rs  f o r  T r i a l  2  
TABLE 2 - Paramete rs  f o r  T r i a l  0  
Acce i  e r a t i o n  Range +18.1, -9 .0 g 
V e l o c i t y  Range t 6 3 .  -75 i n l s  
D i s p l a c e m e n t  Range +2.1, -4.9 i n  
6 
F i g .  14  - A c c e l e r a t i o n  o f  a  Composi te  ( T r i a l  2 )  Composed o f  a  Sum 
o f  D e c a y i n g  S i n u s o i d s  
FREQ ZETA AMP TAU 
I (Hz) ( 9 )  (set) 
1 1 1 . O  -5.37 -0.141 
2 4 0.5 7.1 0 
3 14  0.2 8 .8  0 
4 2 6 0.2 8.8 0 
5 3 6 0.1 5.7 0 
6 4 7 .05 3.4 0 
7 6  0 .01 2.3 0 
8 112 .02 8.1 0 
F i g .  15 - V e l o c i t y  o f  Three  Composi te  
Waveforms 
TABLE 3 - Paramete rs  f o r  T r i a l  1  
r 
FREQ ZETA AMP TAU 
1 (Hz)  ( 9 )  (set) 
1 1 1 .O -5.71 -0.138 
2 4 0.5 8.67 0 
3 14 0.2 10.1 0 
4 2 6 0.2 8.52 0 
5 36 0.1 0 0 
6 47 .05 0 0 
7 60 .01 2.22 0 
8 112 .02 8.47 0 
D. 0. Smal lwood 
A  s p e c i f i e d  shock s p e c t r u m  i s  t h e n  
matched by summing s e v e r a l  o f  t h e  b a s i c  
waveforms. 
The b a s i c  s d j u s t a t l e  p a r a m e t e r s  
a r e  t h e  number o f  p u l s e s  summed L, t h e  
f r e q u e n c i e s  f , t h e  number o f  h a l f  
c y c l e s  N , an! t h e  a m p l i t u d e s  o f  each 
component A,. 
The d e l a y  r i s  used  t o  i m p r o v e  
t h e  zppearance ii? t h e  t i m e  h i s t o r y  
( i . e . ,  make t h e  t i m e  h i s t o r y  l o o k  more 
l i k e  f i e l d  d a t a )  and does n o t  s e r i o u s l y  
change t h e  shock spec t rum.  N o r m a l i z e d  
shock s p e c t r a  f o r  N  = 3, 5, 7, and 9 
a r e  shown i n  F i g u r e  18.  N o t e  t h a t  t h e  
peak i n  t h e  shock s p e c t r a  o c c u r s  n e a r  
fm. 
F i g .  16 - D i s p l a c e m e n t  o f  Three  
Composi te  Yaveforms 
WAVSYN 
A method d e v e l o p e d  f o r  t h e  U. S. 
Army i s  d e s c r i b e d  b y  Yang. 16 .  71 T h i s  
method i s  c a l l e d  WAVSYN, The b a s i c  
waveform i s  g i v e n  b y  The shape o r  m a g n i f i c a t i o n  can be 
m o d i f i e d  b y  c h a n g i n g  Nm. The f r e q u e n c y  
o f  t h e  peak i n  t h e  shock s p e c t r u m  can 
be c o n t r o l l e d  w i t h  fm and t h e  m a g n i t u d e  
o f  t h e  who le  c u r v e  can be moved up and 
down w i t h  Am. D e t a i l e d  p r o c e d u r e s  C 6 ,  
73 a r e  d e s c r i b e d  f o r  m a t c h i n g  a  w i d e  
v a r i e t y  o f  shock s p e c t r a  u s i n g  t h e  t e c h -  
n i q u e .  An advan tage  o f  t h e  t e c h n i q u e  
i s  t h a t  t h e  v e l o c i t y  and t h e  d i s p l a c e -  
ment  changes a r e  ze ro .  T h i s  i s  essen-  
t i a l  f o r  a c c u r a t e  r e p r o d u c t i o n  o n  a 
shaker  system. 
for OStsT m' 
-0 for t'Tm, 
where f,,, = Nmbm, 
Tm = 1/(2bm), 
and Nm is an odd integer. 
The waveform f o r  Nm = 5 i s  shown as 
F i g u r e  17. 
i(tl A sin wt sin Nut 
TIME 
F i g .  17 - WAVSYN Time H i s t o r y .  Nm = 5 
F i g .  18  - WAVSYN Shock S p e c t r a  
0. 0. Smallwood 
For  corn ar ison,  t h e  same shock spec- t: t r u n  as i n  t E p r e v i o u s  example was 
matched u s i n g  WAVSYN. E i g h t  components 
were used as l i s t e d  i n  Tab le  5. 
Max imumVe loc i t y  1 0 7 i n / s e c  
Maximum Displacement 7.10 i n  
The a c c e l e r a t i o n ,  v e l o c i t y ,  and d i s -  
placement t i m e  h i s t o r i e s  a re  shown i n  
F igu res  19. 15, and 16. The shock spec- 
t rum i s  shown i n  F i g u r e  20. 
SHOC 
-
A method developed by t h e  a u t h o r  I 8 1  
f o r  match ing shock s p e c t r a  w i t h  an 
o s c i l l a t i n g  t r a n s i e n t  i s  c a l l e d  t h e  
SHOC (Shaker Opt imized Cosines) t ech -  
n ique.  The b a s i c  waveform f o r  t h i s  
t echn ique  i s  g i v e n  by 
gm(-t) = g p ,  
where Bm = 4Amcm 
rwm(  Cm2+1) 
T = the pu l se  duration 
The f i r s t  te rm i s  an exponen t i a l  
decay ing cos ine  and t h e  second te rm 
(a c o s i n e  b e l l )  i s  added t o  f o r c e  t h e  
v e l o c i t y  and t h e  d isp lacement  changes 
t o  zero.  The waveform i s  symmetric 
about t h e  o r i g i n  and b u i l d s  up and then 
decays. 
The bas i c  waveform i s  i l l u s t r a t e d  
as F i g u r e  21. The normal ized shock 
spec t ra  f o r  seve ra l  va lues  o f  c a r e  
shown as F i g u r e  22. As i n  t h e  case 
o f  WAVSYN, a  parameter i s  a v a i l a b l e  f o r  
m o d i f y i n g  t h e  shape o f  t h e  curve ( c  1, 
t he  f requenc o f  t h e  peak o f  t h e  shvck 
spectrum (urn! and t h e  l e v e l  o f  t h e  cu rve  
(A,) - 
ao 11 L L Z  IIS Q 4 PI a o As i n  t he  case o f  UAVSYN, seve ra l  
TIM o f  these components a r e  added t o  syn- 
t h e s i z e  a  waveform which  w i l l  ea t ch  a  
F ig .  19 - A c c e l e r a t i o n  Time H i s t o r y  o f  complex shock spectrum 
WAVSYN Composite Pu lse  
Also,  as i n  WAVSYN, !he ve lo -  
c i t y  and the  d isp lacement  changes a r e  
zero .  
I 
10 100 For c o m ~ a r i s o n ,  t h e  same shock 
. .. .- 
FRLWENCV IHZI spectrum as "sed i n - t h e  two p rev ious  
Fig. 20 - Shock Spect ra  Comparing Decay- ~exafilples was matched us!ng SHUC. Four 
f n g  S inuso ids ,  SHOC, and W A V S Y N  components were used and a re  l i s t e d  i n  Table 6. 
D. 0. Smallwood 
F i g .  21 - A SH3C Pu lse  
01 1 1 
1 1. 10. 
NORMALIZED FREQUENCY 
F i g .  22 - SHOC Shock Spectrum 
TABLE 6 - SHOC Components 
t REQ 
(HZ) C Ampl i tude ~ ( s e c )  
4.0 1.0 10.0 0.54 
13.0 0.1 2.5  
32.0 0.2 3.0 
1  i 2.0 .03 9.8 
Maximum A c c e l e r a t i o n  23.7 
Maximum V e l o c i t y  69.5 i n / sec  '1 
Maximum D i s ~ l a c e m e n t  6 .5  i n  I 
The a c c e l e r a t i o n ,  v e l o c i t y ,  and d i s -  
p lacement t i m e  h i s t o r i e s  a r e  shown i n  
F igu res  23, 15. and 16. The shock spec- 
t r um i s  shown i n  F i g u r e  20. The t h r e e  
p rev ious  methods a r e  a l s o  compared i n  
Table 7. 
Note t h a t  f o r  t h i s  example t h e  
c h a r a c t e r i s t i c s  o f  a l l  t h r e e  p u l s e s  a r e  
q u i t e  s i m i l a r ,  aCd t h e  t h r e e  methods 
would be expected t o  have a  s i m i l a r  
damage p o t e n t i a l ,  a1 though t h i s  has n o t  
been f i r m l y  e s t a b l i s h e d .  
F i g .  23 - A c c e l e r a t i o n  o f  a  Composite 
SHOC Pulse  
Fast -S ine Sweeps 
The f i r s t  a n a l y t i c a l  p rocedure  
developed f o r  match ing shock s p e c t r a  
was a techn ique u s i n q  f a s t - s i n e  sweeps, 
which l a s t e d  f rom a few hundred m i l l i -  
seconds t o  seve ra l  seconds. The e a r l y  
work i n  t h i s  a rea  was done by Crum and 
Grant  C91 and l a t e r  expanded by s e v e r a l  
autho s  i n c l u d i n g  Roundtree and F re -  
be rg  1101. The b a s i c  procedure  i s  t o  
assume an a c c e l e r a t i o n  t ime  h i s t o r y  o f  
the  form 
K ( t )  = A ( t )  s i n  Q ( t )  
A p a r t i c u l a r  form i s  then chosen f o r  
f o r  A ( t )  and 8 ( t )  which i n c l u d e s  a  
l i m i t e d  number o f  v a r i a b l e  parameters.  
The d e r i v a t i v e  o f  B ( t )  i s  t h e  i n s t a n t a -  
neous f requency o f  t h e  t i m e  h i s t o r y .  
Procedures a r e  then g i ven  f o r  p i c k i n g  
t h e  v a r i a b l e  parameters t o  match t h e  
s p e c i f i e d  spectrum. Crum and Grant  
chose 
A ( t )  = A ( a  c o n s t a n t )  
Q ( t )  -2nN' I n  1- N, increasing ( 
f requency  
Q ( t )  = -2nN '  In ( l+  $),,creasing 
frequency 
D. 0. Smal lwood 
TABLE 7 - Compar ison o f  Decay ing  S i n u s o i d s ,  LAVSYN, and SHOC 
Peak R a t i o  o f  Peak V e l o c i t y  D i s p l a c e m e n t  , 
n e t h o d  I n p u t  D u r a t i o n  ('I RMS D u r a t i o n ( ' )  Response t o  Re u i r e m e n t  Req" i rement  
- -- (6 1 (ms 1 (ms 1 t h e  Peak I n p u t  ? i n l s e c )  ( 1  n  
SHOC 24 120 4  0  4.0 70  6.5 
Sums o f  
Decay ing  lg 
S i n u s o i d s  21 0  88 4.7 70  6.9 
(1) The d u r a t i o n  i s  d e f i n e d  as t h e  t i m e  b e g i n n i n g  when t h e  waveform f i r s t  r e a c h e s  
1 0 - p e r c e n t  o f  i t s  peak v a l u e  and e n d i n g  when i t  decays t o  1 0 - p e r c e n t  o f  i t s  
peak v a l u e  f o r  t h e -  l a s t  t ime .  
( 2 )  See Append ix  A  
where t h e  v a r i a b l e  p a r a m e t e r s  a r e  t h e  
c o n s t a n t  f o r  A ( t ) ,  t h e  s t a r t i n g  f r e -  
quency fo, and t h e  e f f e c t i v e  ;umber 
o f  c y c l e s  a t  each f r e q u e n c y  N . The 
e f f e c t i v e  number o f  c y c l e s  a t  each 
f r e q u e n c y  ( N ' )  i s  based o n  t h e  r a t i o  
o f  t h e  shock s p e c t r a  w i t h  a  Q o f  5 
and 25, fo was chosen as t h e  l o w e s t  
f r e q u e n c y  o f  i n t e r e s t ,  and  A  was 
d e t e r m i n e d  by t h e  r e q u i r e d  amp1 i t u d e  
o f  t h e  shock  spec t rum.  The f o r m  chosen 
by R o u n d t r e e  and  F r e b e r g  was a  more 
g e n e r a l  f o r m u l a t i o n  g i v e n  by 
where t h e  v a r i a b l e  parameters a r e  6,  a, 
f o r  R, Y. 
As ment ioned  e a r l i e r ,  t h e  d e r i v a -  
t i v e  o f  Q ( t )  i s  t h e  i n s t a n t a n e o u s  
f r e q u e n c y  f ( t ) .  6 r e p r e s e n t s  t h e  r a t e  
o f  change o f  t h e  a m p l i t u d e  f u n c t i o n ,  
A ( t ) ,  w i t h  r e s p e c t  t o  t h e  i n s t a n t a n e o u s  
f r e q u e n c y ,  f ( t ) .  The s t a r t i n g  f r e -  
quency i s  f . The i n i t i a l  v a l u e  f o r  
t h e  a m p l i t u % e  f u n c t i o n  A ( t )  i s  a. R  and 
y a r e  used t u  c o n t r o l  t h e  r a t e  o f  f r e -  
quency change and t h e  sweep d u r a t i o n .  
For  example, i f  13 = 0, t h e  sweep a m p l i -  
t u d e  i s  h e l d  c o n s t a n t ,  and i f  y = 0  , 
t h e  sweep r a t e  w i l l  be l i n e a r .  The 
sweep w i l l  be e x p o n e n t i a l  f o r  y = 2. 
Round t ree  and F r e b e r g  p r e s e n t  
g raphs  f o r  p i c k i n g  v a l u e s  f o r  t h e  p a r a -  
m e t e r s  based on t h e  r e q u e s t e d  shock 
s p e c t r a  computed a t  two d i f f e r e n t  v a ! t e s  
o f  damping. 
The methods o f  Crum and G r a n t  have 
been used  f o r  s e v e r a l  y e a r s .  The 
methods o f  Round t ree  and  F r e b e r g  a r e  t o o  
new t o  be w e l l  e s t a b l i s h e d .  The ad-  
v a n t a g e  o f  t h e s e  methods i s  t h a t  t h e y  
p r o d u c e  p u l s e s  w h i c h  a r e  w e l l  s u i t e d  
f o r  r e p r o d u c t i o n  on shaker  systems.  I t  
has a l s o  p r o v e d  p r a c t i c a l  t o  match 
shock  s p e c t r a  a t  two d i f f e r e n t  v a l u e s  
o f  damping. The p r i n c i p l e  d i s a d v a n t a g e  
i s  t h a t  t h e  t e c h n i q n e s  p r o d u c e  p u l s e s  
w h i c h  do n o t  r e s e m b l e  ( i n  t h e  t i m e  do-  
m a i n )  many ( i f  n o t  m o s t )  f i e l d  e v e n t s .  
A n o t h e r  l i m i t a t i o n  i s  t h a t  t h e  t e c h -  
n i q u e s  have been h i g h l y  d e v e l o p e d  f o r  
m a t c h i n g  s p e c t r a  w h i c h  can be r e p r e -  
s e n t e d  by  a  s t r a i g h t  l i n e  o n  a  l o g - l o g  
shock s p e c t r u m  p l o t  and a d a p t  p o o r l y  
f o r  m a t c h i n g  s p e c t r a  w i t h  o t h e r  shapes.  
A  t y p i c a l  t i m e  h i s t o r y  f o r  t h e s e  methods 
i s  shown i n  F i g u r e  24. 
1 
TIME 
F i g .  24 - Time H i s t o r y  o f  a  F a s t - S i n e  
Sweep 
D. 0 Smal lwood 
M o d u l a t e d  Random N o i s e  
A u t h o r s  i n  t h e  s e i s m i c  f i e l d  have 
l o n g  r e c o g n i z e d  t h e  somewhat random na-  
t u r e  o f  s e i s m i c  r e c o r d s .  As a  r e s u l t ,  
numerous p r o p o s a l s  [ll, 1 2 1  have been 
made t o  d e r i v e  a  random p r o c e s s  wh ich ,  
wher, mu1 t i p 1  f e d  by a  s u i t a b l e  window, 
w i l l  p r o v i d e  an  adequa te  s i m u l a t i o n  o f  
s e i s m i c  e v e n t s .  The a t t e m p t  i s  t o  de-  
r i v e  a  waveform w h i c h  w i l l  have t h e  
s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  a  s e i s m i c  
e v e n t .  S i n c e  one o f  t h e  t o o l s  used t o  
c h a r a c t e r i z e  t h e  s e i s m i c  e v e n t  i s  t h e  
shock s p e c t r u m  , *  t h e  even t ,  t h e  modu- 
l a t e d  random n o i ~ e  methods p r o d u c e  
p u l s e s  w h i c h  match a  s p e c i f i e d  shock  
spec t rum.  However, i t  i s  i m p o r t a n t  t o  
r e c o g n i z e  t h a t  t h e s e  methods o n l y  match  
t h e  shock s p e c t r u m  i n  a  p r o b a b i l i s t i c  
sense. 
B u c c i a r e l l  i and A s k i n a z a  [ I 3 1  
proposed  t h a t  t h e s e  same i d e a s  c o u l d  be 
used t o  s i m u l a t e  p y r o t e c h n i c  shocks by  
u s i n g  an e x p o n e n t i a l  window. 
where g ( t )  i s  a d e t e r m i n i s t i c  f u n c t i o n  
o f  t i m e  w h i c h  c h a r a c t e r i z e s  t h e  t r a n s -  
i e n t  n a t u r e  o f  t h e  e v e n t .  
The f u n c t i o n  n ( t )  i s  a  r e p r e s e n t a t i v e  
o f  a  s t a t i o n a r y ,  broadband,  zero-mean, 
n o i s e  p r o c e s s  w i t h  a  s p e c t r a l  d e n s i t y  
S n ( 4 .  
I t  i s  t h e n  p roposed  t h a t  t h e  f u n c -  
t i o n  S,(w) be chosen such t h a t  t h e  a v e r -  
age F o u r i e r  a m p i i t u d e  s p e c t r u m  o f  i ( t )  
w i l l  be equa l  t o  t h e  average  F o u r i e r  
a m p l i t u d e  s p e c t r u m  o f  t h e  f i e l d  e n v i r o n -  
ment .  I t  i s  shown t h a t  t h e  f o l l o w i n g  
a p p r o x i m a t i o n  w i l l  a c c o m p l i s h  t h i s  
purpose .  
where 
i s  t h e  e x p e c t e d  v a l u e  o f  t h e  f i e l d  
F o u r i e r  a m p l i t u d e  spec t rum.  
The above e q u a t i o n s  seem r e a s o n a b l e  
f o r  t h e  f o l l o w i n g  r e a s o n .  Sn(w) i s  a  
s t a t i o n a r y  p r o c c s s  w i t h  a  f i x e d  amount 
o f  e n e r g y  p e r  u n i t  o f  t i m e .  As gbecomes 
l a r g e r ,  t h e  d u r a t i o n  o f  t h e  t r a n s i e n t  
becomes s h o r t e r  and Sn(w) mus t  be i n -  
c r e a s e d  t o  m a i n t a i n  a  g i v e n  e n e r g y  i n  
t h e  t r a n s i e n t .  
T s a i  1141  t h e n  p r o p o s e s  t h a t  t h e  
random v a r i a t i o n  i n  t h e  shock  s p e c t r u m  
be removed i n  t h e  f o l l o w i n g  manner. 
P i c k  a  sample K ( t ) .  The shock spec t rum 
o f  R ( t )  i s  t h e n  computed. I n  a r e a s  
where t h e  shock s p e c t r u m  i s  low,  add 
e n e r g y  t o  t h e  waveform by  a d d i n g  s i n e  
waves t o  n ( t ) .  I n  a r e a s  where t h e  shock 
s p e c t r u m  i s  h i g h ,  f i l t e r  n ( t )  w i t h  a  
nar row-band  n o t c h  f i l t e r .  Compute t h e  
shock s p e c t r u m  o f  t h e  m o d i f i e d  x ( t )  and 
r e p e a t  t h e  p r o c e s s  u n t i l  t h e  d e s i r e d  
shock spec t rum i s  a c h i e v e d .  The f i n a l  
m o d i f i e d  x ( t )  w i l l  t h e n  be used as t h e  
t e s t  i n p u t .  A  p r o c e d u r e  c o u l d  p r o b a b l y  
be worked o u t  t o  a c c o m p l i s h  t h e  same 
g o a l  by  modifying t h e  F o u r i e r  a m p l i t u d e  
o f  n ( t )  w i t h o u t  r e s o r t i n g  t o  a d d i n g  s i n e  
waves and f i 1  t e r i n g  [15,16]. 
T h i s  p r o c e d u r e  l o o k s  q u i t e  i n t e r -  
e s t i n g ,  b u t  as f a r  as t h e  a u t h o r  knows, 
i t  has h o t  been t r i e d  i n  t h e  l a b o r a t o r y .  
M o d i f i c a t i o n  o f  F i e l d  Time H i s t o r y  
Workers i n  t h e  s e i s m i c  f i e l d  have 
sugges ted  a  method v e r y  s i m i l a r  t o  
t h e  m o d u l a t e d  random n o i s e  t e c h n i q u e .  
F o r  t h i s  method t h e  o r i g i n a l  sample 
( x ( t ) )  i s  an a c t u a l  f i e l d  t i m e  h i s t o r y  ( i n  t h e  s e i s m i c  f i e l d  an e a r t h q u a k e  
r e c o r d ) .  The F o u r i e r  c o n t e n t  o f  t h e  
waveform i s  ther,  m o d i f i e d  t o  f o r c e  t h e  
shock spec t rum o f  t h e  t i m e  h i s t o r y  t o  
match  a  s p e c f f i e d  c u r v e .  
C l a s s i c a l  P u l s e s  
- 
I t  may be d e s i r a b l e  t o  r e p r o d u c e  
a i l a s s i c a l  p u l s e  ( h a l f - s i n e ,  t e r m i n a l  
peak sawtoo th ,  e t c . )  on a  s h a k e r  system. 
I n  g e n e r e l  t h e s e  p u l s e s  a r e  o f  Type 3 
( F i g .  1)  and c a n n o t  be r e p r o d u c e d  
w i t h o u t  m o d i f i c a t i o n .  The p u l s e s  can 
be e a s i l y  c o r r e c t e d  t o  a Type 5 p u l s e  
by  a d d i n g  a  b i a s  p u l s e  o f  e q u a l  and 
o p p o s i t e  a rea  a t  t h e  end o f  t h e  p u l s e .  
P u l s e s  o f  t h i s  t y p e  can  be r e p r o d u c e d  
w i t h  o n l y  t h e  d i s t o r t i o n  i n t r o d u c e d  
by t h e  i m p r o p e r  d i s p l a c e m e n t  boundary  
c o n d i t i o n s .  I t  i s  a lways  p o s s i b l e  t o  
i n t r o d u c e  a  b i a s  p u l s e  w h i c h  w i l l  a l s o  
meet  t h e  d i s p l a c e m e n t  boundary  c u n d i -  
t i o n s .  F o r  example, c o n s i d e r  a t e r m i n a l  
peak s a w t o o t h  p u l s e  b i a s e d  w i t h  a  s q u a r e  
wave as shown i n  F i g u r e  25 .  
L e a s t  F a v o r a b l e  Response Techn iques  1171 
The b a s i c  a s s u m p t i o n  o f  t h e  l e a s t  
f a v o r a b l e  response  t e c h n i q u e s  i s  t h a t  
t h e  m a g n i t u d e  o f  t h e  F o u r i e r  spectvum 
has been s p e c i f i e d .  S i n c e  t h e  undamped 
r e s i d u a l  shock s p e c t r u m  i s  r e l a t e d  t o  
t h e  F o u r i e r  modulus,  i t  cou:d a l s o  be . 
s p e c i f i e d .  I t  i s  t h e n  shown t h a t  i f  t h e  
f r e q u e n c y  t r a n s f e r  f u n c t i o n  between t h e  
m e c h a n i c a l  i n p u t  and t h e  r e s p o n s e  o f  a  
c r i t i c a l  p o i n t  on t h e  t e s t  i t e m  ( n o t  t h e  
t r a n s f e r  f u n c t i o n  o f  t h e  s h a k e r  sys tem)  
can  be c h a r a c t e r i z e d  by 
F i g .  25 - A M o d i f i e d  T e r m i n a l  Peak 
Sawtoo th  
I t  i s  easy t o  see t h a t  t h e  v e l o c i t y  
change w i l l  be z e r o  !f 
t h e n  t h e  peak response  o f  t h e  c r i t i c a l  
p o i n t  on t h e  s t r u c t u r e  w i l l  be max im ized  
by  t h e  i n p u t  
I f  an e x p r e s s i o n  i s  w r i t t e n  f o r  t h e  
a c c e l e r a t i o n  o f  t h i s  waveform, and 
i t  i s  d o u b l e  i n t e g r a t e d  t o  s o l v e  
f o r  t h e  d i s p l a c e m e n t .  The d i s p l a c e -  
ment  boundary  c o n d i t i o n s  can  t h e n  be 
used t o  show t h a t  a  z e r o  d i s p l a c e -  
ment change cap be a c h i e v e d  i f  
Thus two p a r a m e t e r s  a r e  a v a i l a b l e  
(B, T  ) t o  c o n t r o l  t h e  v e l o c i t y  
and displacement c h a r g e  o f   he compo- 
s i t e  waveform. A s i n i l a r  t n a l y s i s  
can be done f o r  o t h e r  b i a s  p u l s e s  
and c l a s s i c a l  w a v e f o k m .  I f  b o t h  
t h e  b i a s  p u l s e  and t h e  c l a s s i c a l  
waveform a r e  s y m m e t r i c a l  t h e  s o l u t i o n  
i s  a lways  t o  p l a c e  t h e  c l a s s i c a l  wave- 
f o r m  i n  t h e  c e n t e r  o f  t h e  b i a s  p u l s e .  
where Xe(w! i s  t h e  s p e c i f i e d  F o u r i e r  
modulus, and 
s t o r y  where y ( t )  i s  t h e  r e q u i r e d  t i m e  h  
a t  t h e  i n p u t  t o  t h e  t e s t  i t e m .  A b i a s  p u l s e  w h i c h  has been f o u n d  t o  work q u i t e  s a t i s f a c t o r i l y  i s  a  c o s i n e  
b e l l  o r  Hanniqg p u l s e .  The advan tages  
o f  t h i s  b i a s  p u l s e  a r e :  The waveform 
i s  z e r o  and smooth a t  t h e  ends, w h i - h  
u s u a l l y  improves  t h e  reproduc t ' ,n .  
The energy  o f  t h e  p u l s e  i s  c o n c e n t r a t e d  
a t  t h e  l o w e r  f r e q u e n c i e s  w i t h  a  w e l l -  
d e f i n e d  upper  f r e q u e n c y  and a  s h a r  
r o l l - o f f  c h a r a c t e r 1 s t l c  (18 d ~ ~ o c t ! .  
T h i s  means t h a t  t h e  e f f e c t s  o f  t h e  
b i a s  p u l s e  w i l l  be seen o n l y  a t  t h e  
l o w e r  f r e q u e n c i e s .  The f r e q u e n c y  where 
t h e  e f f e c t s  w i l l  s t a r t  t o  be seen can  
be c o n t r o l l e d  w i t h  t h e  d u r a t i o n  o f  t h e  
b i a s  p u l s e .  
Thc F o u r i e r  t r a n s f o r m  u f  t h e  
spun e  o: t h e  c r ' t i c a l  p o i n t  ( Y ( w  
g i v e n  by 
r e -  
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The f u n c t i o n  Y(w) i s  r e a l .  T h i s  respopze  
can be seen t o  p r o d u c e  a  maximum respbnse  
by t h i n k i n g  o f  a  t r a n s i e n t  as b e i n g  com- 
posed o f  a  sum o f  many s i n u s o i d s .  I f  t h e  
phase a n g l e  o f  a l l  t h e  s i n u s o i d s  i s  z e r o  
a t  some p o i n A  i n  t i m e  a l l  t h e  components 
w i l l  c o n s t r u c t i v e l y  add, and p r o d u c e  t h e  
l a r g e s t  p o s s i b l e  peak. I t  i s  a l s o  shown 
i n  Appendix  A  t h a t  t h i s  response  w i l l  
have a  minimum rms d u r t t f o n .  
Modern methods make t h e  c o m p u t a t i o n  
o f  t h e  above e q u a t i c ' s  r e l a t i v e l y  easy.  
I t  i s  p roposed  t h a t  che phase a n g l e  ( 0 )  
o f  t h e  f r e q u e n c y  t r a n s f e r  f u n c t i o n  be 
measured i n  t h e  l a b o r a t o r y .  T h i s  func -  
t i o n ,  t o  e t h e r  w i t h  t h e  s p e c i f i e d  F o u r i e r  
modulus 7 X ( w ) )  i s  t n e n  used t o  compute 
t h e  t e s t  i a p u t  I ( t ) .  Note t h a t  t h d  
above t e c h n i q u e  c o n s i d e r s  t h e  a c t u a l  
t e s t  i t r  1 response,  w h i l e  t h e  shock 
s;cctrum aoproach  c o n s i d e r s  o n l y  t h e  
response  o t  s i n g l e  degree  o f  f reedom 
systems w i t h  known damping. The l e a s t  
f a v o r a b l e  response  method does assume a  
l i n e a r  system w i t h  a  w e l l - d e f i n e d  c r i t i -  
c a l  response .  
The method does g u a r a n t e e  t h a t  t h e  
l a r g e s t  p o s s i b l e  peak response  w i l l  be 
a c h i e v e d  (hence  a  g u a r a n t e e  o f  a  con-  
s e r v a t i v e  t e s t ) .  Shock s p e c t r u m  t e c h -  
n i q u e s  cannoc make t h i s  g u a r a n t e e  f o r  
m u l t i p l e  degree  o f  f reedom systems.  
S e v e r a l  examples 117, 181  u s i n g  t h e  LFR 
method have i n d i c a t e d  peak responses  on 
t h e  o r d e r  o f  1  t o  2 . 5  t i m e s  a  t y p i c a l  
peak response  t o  a  f i e l d  even t .  
T h i s  method has been used on one 
known t e s t  s e r i e s  [ l B ]  and t h e  r e s u l t s  
a r e  compared w i t h  t h e  shock s p e c t r u m  
methods. As t h e  method r e q u i r e s  c o n s i d e r -  
a b l e  c o m p u t a t i o n s  and t h e  r e p r o d u c t i o n  
o f  a  c o m p l i c a t e d  computed waveform, d i g i t -  
a l  methods a r e  r e q u i r e d  f o r  i t s  a p p l i c a -  
t i o n .  
A  s p i n - o f f ,  f r o m  t h e  l e a s t  f a j o r -  
a b l e  response  t e c h n i q u e s ,  i s  t o  assume 
a  u n i t y  t r a n s f e r  f u n c t i o n  ( i . e . ,  
H )  = 1  T h i s  means t h a t  t h e  peak i n -  
p u t  w i l l  be maximized.  I f  we t h i n k  o f  
a  t r a n s i e n t  as b e i n g  a  f i n i t e  amount o f  
energy  w i t h  a  s p e c i f i e d  f r e q u e n c y  d i s t r i -  
b u t i o n  ( F o u r i e r  modu lus ) ,  t h e  p r o c e d u r e  
w i l l  p r o d u c e  a  t r a n s i e n t  w h i c h  w i l l  
t r a n s f e r  t h i s  energy  t o  t h e  t e s t  i t e m  
w i t h  t h e  l a r g e s t  p o s s i b l e  peak i n p u t  and 
i n  a  minimum amount o f  t i m e .  
The i n p u t  t o  t h e  t e s t  i t e m  i s  g i v e n  
by 
1 * 
. -1 x (w)eiwt dw. 
2n -* e 
Note t h a t  Xe(w) i s  a  r e a l  p o s i t i v e  f u n c -  
t i o n .  T h e r e f o r e ,  x ( t )  w i l l  be a  r e a l  
even f u n c t i o n .  As a  r e s u l t ,  a  t y p i c a l  
i n p u t  d e f i n e d  i n  t h i s  manner w i l l  l o o k  
s i m i l a r  t o  a  SHOC p u l s e .  The r e s u l t i n g  
i n p u t  i s  inc iapendent  o f  t h e  t e s t  i t e m  
c h a r a c t e r i s t i c s ,  and hence e l i m i n a t e s  
t h e  need t o  d e f i n e  t h e  t r a n s f e r  f u n c t i o n  
H(w). The o n l y  r e q u i r e d  p a r a m e t e r  i s  
t h e  F o u r i e r  modulus ( o r  t h e  e q u i v a l e n t  
undamped r e s i d u a l  shock s p e c t r u m ) .  F o r  
example, t h e  l e a s t  f a v o r a b ? e  i n p u t  w i t h  
a  u n i t y  t r a n s f e r  f u n c t i o n  f o r  a  t r a n -  
s i e n t   wit^, t h e  same F o u r i e r  modulus as 
t h e  t r a n s i e n t  shown i n  F i g u r e  1 4  i s  
g i v e n  as  F i g u r e  2 6 .  The rms d u r a t i o n  o f  
t h i s  t r a n s i e n t  i s  64 msec. One t e s t  
s e r i e s  [ 1 8 1  i n d i c ~ t e s  t h a t  t h i s  may be 
a  r t   sona able approach .  
F i g .  26  - A  L e a s t  F a v o r a b l e  I n p u t  w i t h  
a  U n i t y  T r a n s f e r  F u n c t i o n  
ADDITIONAL PARAMETERS ( I N  ADDITION TO THE 
SHOCK SPECTRUM) W H I C H  MAY BE SPECIFIED 
S i n c e  t h e r e  a r e  many methods f o r  
m a t c h i n g  t h e  shock spect rum, i t  wou ld  
be d e s i r a b l e  t o  s p e c i f y  a d d i t i o n a l  p a r a -  
m e t e r s  l i m i t i n g  t h e  c l a s s  o f  f u n c t i o n s  
w h i c h  may be used f o r  a  p a r t i c u l a r  t e s t .  
S e v e r a l  p a r a m e t e r s  have been sugges ted  
and a  s h o r t  d i s c u s s i o n  o f  s e v e r a l  methods 
w i l l  f o l l o w .  
L i ~ n i t  t h e  D u r a t i o n  o f  t h e  T r a n s i e n t  
- 
I t  has been sugges ted  t h a t  l i m i t s  
c o u l d  be p l a c e d  on t h e  minimum and 
maximum a l l o w a b l e  d u r a t i o n s  f o r  t h e  
t r a n s i e n t s .  I t  i s  f e l t  t h a t  i f  t h e  
shock spec t rum i s  matched and t h e  d u r a -  
t i o n  i s  comparable,  t h e  "damage" s h o u l d  
be n:ar ly  t h e  same. F o r  complex wave- 
forms,  c a r s f u l  a t t e n t i o n  s h o u l d  be g i v e n  
as t o  how t h e  du , -a t ion  i s  d e f i n e d .  The 
a u t h o r  i s  n o t  aware o f  any t e s t  p rogram 
where t h i s  s p e c i f i c a t i o n  has a c t u a l l y  
been used. 
R e q u i r e  t h e  Shock S  e c t r u m  a t  Two 
D i f f e r e n t  v a l u e s  b ~ a m p t  ng t o  be 
H a t c h e d  
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S i n c e  damping i s  t h e  p o o r e s t  
known p a r a m e t e r  i n  %any systems,  i t  i s  
f e l t  t h a t  i f  t h e  shock s p e c t r u m  i s  
matched a t  two d i f f e r e n t  v a l u e s  o f  
damping ( f o r  example, a  Q o f  5  and 25)  
t h e  r e s u l t i n g  t r a n s i e n t  s h o u l d  be a  
r e a s o n a b l e  s i m u l a t i o n  f o r  a l l  v a l u e s  
o f  damping. However, i t  i s  a  v e r y  
d i f f i c u l t  p r o b l e m  t o  f i n d  a t r a n s i e n t  
w h i c h  w i l l  ma tch  a  shock s p e c t r u m  
d t  10 v a l u e s  o f  damping e x c e p t  f o r  
a  l i m i t e d  c l a s s  o f  f u n c t i o n s .  I n  f a c t  
i t  i s  n o t  even c l e a r  t h a t  a  s o l u t i o n  
a lways  e x i s t s .  I t  i s  t r u e  t h a t  a  
s o l u t i o n  can  e x i s t ,  f o r  example, a  
s e t  o f  shock s p e c t r a  w i t h  d i f f e r e n t  
damping v a l u e s  f o r  a  k n o w  t i m e  
h i s t o r y .  B u t  i f  t h o s e  s p e c t r a  a r e  
m o d i f i e d  ( f o r  example, smoothed, r a i s e d  
i n  l e v e l ,  o r  e n v e l o p e d ) ,  i t  i s  n o t  
c l e a r  t h a t  a  s o l u t i o n  w r l l  s t i l l  e x i s t .  
The at tempt .  i s  t o  p r e v e n t  o r  
encourage t h e  use o f  o s c i l l a t o r y -  
t y p e  i n p u t  as opposed t o  a  s i n g l e -  
p u l s e  ( f o r  example, a  h a l f - s i n e )  i n -  
p u t .  Note t h a t ,  i f  t h e  shock spec-  
t r u m  i s  p l o t t e d  a t  a  h i g h  enough 
f .requency, t h s  maximax shock  s p e c t r u m  
r e f l e c t s  t h e  peak i n p u t  l e v e l  and 
t h i s  s p e c i f i c a t i o n  i s  r e d u n d a n t .  
T h i s  s p e c i f i c a t i o n  wou ld  be use-  
f u l  t o  c o n f i r m  t h e  v a l u e  o f  t h e  m a x i -  
max spec t rum a t  v e r y  h i g h  f r e q u e n c i e s .  
TRW has i - i c l u d e d  t h i s  r e q u i r e m e n t  i n  
a  r e c e n t  s p e c i f i c a t i o n  w h i c h  r e q u i r e d  
t h a t  t h e  a m p l i f i c a t i o n  o f  t h e  response  
spec t rum o v e r  t h e  peak-g i n p u t  wou ld  
be i n  t h e  r a n g e  o f  2.5 t o  5 .  T h i s  
r e q l r i r e m e n t  was added t o  p r e v e n t  a  
s i n g l e  p u l s e  o r  a  v e r y  l o n g  t r a n s i e n t  
f r o m  b e i n g  used. 
S p e c i f i c a l l y  E x c l u d e  C e r t a i n  Methods 
I f  t h e  t e s t  r e q u e s t e r  i s  aware 
t h a t  c e r t a i n  methods a r e  n o t  l i k e l y  
t o  p roduce  a  good s i m u l a t i o n ,  a  v e r y  
e f f e c t i v e  measure i s  t o  s i m p l y  e x c l u d e  
t h e i r  use. The 1  i t n i t  o f  t h i s  p r o -  
cedura  i: t o  e x c l u d e  a l l  t h e  methods 
b u t  one. I n  f a c t ,  a  knowledgeab le  
r e q u e s t e r  can s p e c i f y  n o t  o n l y  t h e  
method, b u t  t h e  p a r a m e t e r s  needed t o  
d e f i n e  t h e  t r a n s i e n t .  F o r  example, 
i f  d e c a y i n g  s i n u s o i d s  a r e  s p e c i f i e d ,  
t h e n  t h e  component f r e q u e n c i e s ,  decay 
r a t e s ,  and a m p l i t u d e s  can  be l i s t e d .  
I n  essep:e, t h e  s p e c i f i c a t i o n  w i l l  
r e q u i r e  a  c e r t a i n  t i m e  h i r t o r y  be used. 
I t  s h o u l d  be r e m e ~ b e r e d  t h a t  i f  t h i s  
i s  done, o n l y  t h o s e  t e s c ' n g  l a b o r a t o -  
r i e s  w h i c h  have i m p l e m e ; ~ t e d  t h e  p a r t i c u -  
l a r  method can p e r f o r m  t h e  t e s t .  
Thought  mus t  a l s o  be i v e n  t o  r e q u i r e -  
ments f o r  a  s u c c e s s f u l  t e s t .  One i s  
tempted  t o  p l a c e  r e q u i r e m e n t s  on Lhe 
f i d e l i t y  o f  t h e  t i m e  $ i s t o r )  r e p r o -  
d u c t i o n .  However, IT , t  a v a i l a t 1 2  
t e c h n i q u e s  f d r  r e p r o d u c i n g  a  t i m e  
h i s t o r y  assume a  l i n e a r  system. I f  
t h e  t e s t  i t e m  i s  n o n - l i n e a r ,  t h e  r e p r o -  
d u c t i o n  o f  a  g i v e n  t i ,ne  h i s t o r y  m y  be 
poor  t b r o u g h  no f a u l t  o f  t h e  t e s t i n g  
l a b o r a t o r y .  
I t  i s  a p p a r e n t  f r o m  t h e  p r e c e d i n g  
d i s c u s s i o n  t h a t  a  l a r g e  v a r i e t y  o f  
method; a r e  now a l l a i l a b l e  f o r  m a t c h i n g  
a  shock spec t rum on a  shaker  system. 
These methous can p r o d u c e  q u i t e  d i f f e r -  
e n t  waveforms,  and i t  i s  n o t  c l e a r  
t h a t  t h e y  w i l l  a l l  p roduce  e q u i v a l e n t  
r e s u l t s .  I t  i s  i m p o r t a n t  t h a t  a  shock 
spec t rum n o t  be c o n s i d e r e d  as  a  s u f f i -  
c i e n t  s p e c i f i c a t i o n  t o  d e f i n e  an  en-  
v i r o n m e n t .  Ths " c h a r a c t e r i s t i c s "  o f  
t h e  f i e l d  waveform s h o u l d  be c o n s i d e r e d .  
' The p e r s o n n e l  who w r i t e  t e s t  s p e c i f i c a -  
t i o n s  mus t  be aware t h a t  s e v e r a l  p r o -  
cedures  c o u l d  be used t o  ulatch a  s p e c i -  
f i e d  shock  spect rum, and c a r e f u l  con-  
s i d e r a t i o n  s h o u l d  be g i v e n  as t o  ~ h i c h  
p r o c e d u r e  w i l l  ( o r  w i l l  n o t )  p r o d u c e  
an a c c e p t a b l e  t e s t .  
Nomencl a t u r e  
- amp1 i t u d e  
- c o n s t a n t  
- a  c o n s t a n t  
- c o n s t a n t ,  a l s o  a  f r e q u e n c y  
- c o n s t a n t  
- e x p e c t e d  v a l u e  
- f r e q u e n c y  
- E b a s i c  waveform f r o m  w h i c h  a  
c o n r 4 0 s i t e  i s  formed,  a l s o  an 
e r , *cn?n t ;a l  window 
- fi 
- c o n s t a n t  
- t h e  number o f  b a s i c  w z v e f ~ r m s  
wh':b have been added t o  f o r m  
a  , . ~ p o s i  t e  waveforn, 
- s  , . I ( .  on a  l o g - l o g  p l o t  i n  dB/ 
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APPENDIX A 
RMS a u r a t i o n  o f  a  T rans ien t  
A t r a n s i e n t  f ( t )  i s  de f i ned  w i t h  
a  F o u r i e r  t rans fo rm F(w). The rms 
d u r a t i o n  (D) o f  t h e  t r a n s i e n t  i s  
d e f i n e d  as. 
- 
where 
(A-2 
E i s  sometimes r e f e r r e d  t o  as the  
energy o f  t h e  pu lse.  I t  w i l l  be 
r e q u i r e d  t h a t  E  i s  f i n i t e .  r e q u i r i n g  
tha f ( t )  approach zero f a s t e r  than 
1  as t approaches bo th  p o s i t i v e  
and nega t i ve  i n f i n l t e s .  I n  a  general  
sense, t h e  rms d u r a t i o n  o f  a  t r a n s i e n t  
w i l l  be a  f u n c t i o n  o f  t h e  t ime  o r i g i n -  
chosen. To a v o i d  t h i s  d i f f i c u l t l y ,  i t  
i s  r e q i i r i e d  t h a t  t h e  t i m e  o r i g i n  be 
ch':en i n  such a  manner as t o  min imize 
t h e  rms d u r a t i o n .  I f  some o t h e r  
o r i g i n  i s  chosen a  t ime  s h i f t  (T) can 
be i n t roduced  which w i l l  min imize 
t h e  rms du ra t i on .  
The rms d u r a t i o n  i s  a  measure o f  
t h e  c e n t r a l  tendency o f  a  t r a n s i e n t .  
For example, cons ide r  a  t r a n s i e n t  o f  
some f i n i t e  energy composed o f  a l l  
f requenc ies  i n  equal  amounts. An 
impulse ( o r  d e l t a  f u n c t i o n )  w i l l  r e -  
p resen t  t h e  t r a n s i e n t  i n  t h i s  c l a s s  
w i t h  a  minimum d u r a t i o n .  A long-dura- 
t i o n .  l o w - l e v e l  random waveform w i l l  
r ep resen t  t he  t r a n s i e n t  w i t h  a maximum 
dura t i on .  The rms d u r a t i c n  o f  severa: 
common t r a n s i e n t s  i s  g i ven  i n  Table 
A-1 . 
I t  can be shown [ I 9 1  t h a t  t he  rms 
d u r a t i o n  i s  ~ l s o  g i v e n  by. 
where 
I f  A(o) i s  s p e c i f i e d  t h e  minimum 
rms d u r a t i o n  i s  g i v e n  by 
0 r 
# ( w )  = cons tan t  
The cons tan t  can be zero.  Eq. A-4 
i m p l i e s  t h a t  t h e  rms d u r a t i o n  I s  
r e l a t e d  t o  the  smoothness o f  t h e  F o u r i e r  
spectrum. bo th  t h e  magnitude and the  
phase. The smoother the  F o u r i e r  spec- 
trum. the  s h o r t e r  t he  rms du ra t i on .  
D. 0. Smal lwood 
- - 
. , 
' TABLE A-  
The rms D u r a t i o n  o f  Some Common T r a n s i e n t s  
F u n c t i o n  E q u a t i o n  rms D u r a t i o n  
Square Wave f ( t )  = 1  O<t<T 0.29 T  
= 0  e l s e w h e r e  
h a l f  s i n e  f ( t )  = s i n ?  O<t<T 0.23 T  
= 0  e l  sewhere 
te rm ina ;  peak f ( t )  = t / T  O<t<T 
s a w t o o t h  
= 0  e l s e w h e r e  
t r i a n g l e  f(t.) = 1  - 2 1 t l I T  - T < t < T  .;r 0.16 T  
= 0  e l  sewhere 
h a v e r s i n e  1  2at O<t<T f ( t )  = 2 (I + C o i  7) 0.14 T  
= 0  e l  sewhere 
p a r a b o l i c  cusp  f ( t )  = ($it1 - T  T  - --<t<- 2 2 0.11 T  
= 0  e l  sewhere 
e x p o n e n t i a l  f ( t )  = t>O 
s i n g l e  s i d e  
= 0 t<O 
e x p o n e n t i a l  f ( t )  = e - a I t I  
e x p o n e n t i a l  f ( t )  = e -ao ts in  .ot  t>O 
d e c a y i n g  
s i n u s o i d  t<O 
= 0  
f o r  a < < l  
1  taw 
MODAL ANALYSIS USING DIGlTAL 
TEST SYSTEMS 
Mark Richardson 
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I .  INTROWCTION 
Modal Analysis methods based upon the measurement and post tes t  processing 
of transfer functions in digital form are discussed. The analysis which 
shows how modal data can be identified from transfer function measurements 
is reviewed. Then various techniques of transfer function measurement 
using a Fourier analyzer are presented. This i s  followed by a discussion 
of a1 ternative methods for identifying modal data from transfer function 
measurements. 
An analog tracking f i l t e r  can be viewed as a 
device which gives the spectral content of 
a time domain signal, one frequency a t  a time. 
By comparison, the digital Fourier transforn 
can be viewed as a parallel processor which 
gives the entire frequency spectrun of a time 
signal in a selected bandwidth. 
Since the digital Fourier Analyzer provides 
a broad band frequency spectrun very quickly 
(e.g. = 100 ms to give 512 spectral l ines),  
i t  can be used for obtaining broad band 
response spectruns from a structure which 
i s  excited by a broad band input signal. 
Furthermore, i f  the input and response 
time signals are measured simultanecrusly, 
Fourier transfoned, and the transform 
of the response i s  divided by the trans- 
form of the input. a transfer function 
between the input and response points on 
the structure i s  measured. (Division of 
one frequency domain function by another 
i s  straightfomard when the data i s  in 
digital form.) Hence, a digital Fourier 
Analyzer which can simultaneously measure 
two (or more) signals i s  z n  iaeal tool for 
measuring transfer functions quickly and 
accurately. Furthermore, since the modes 
of vibration of an e las t ic  structure can 
be identified from transfer function mea- 
surements, a mu1 t i  channel Fourier Analyzer 
with additional processing capabi 1 i ty can 
also be used for identifying modal par- 
ameters from tes t  data. 
Modal Analysis i s  the process of character- 
izing the dynamic properties of an e las t ic  
structure by identifying i t s  modes of vib- 
ration. A mode of vibration is a global 
property of an e las t ic  structure. That i s .  
a mode has a specific natural frequency and 
damping factor which can be identified from 
response data a t  practically any point on a 
structure, and i t  has a characteristic 
"mode shape" which identifies the mode spa- 
t i a l  ly over the entire structure. 
Modal testing i s  performed on mechanical 
structures in an effort  t o  learn more about 
their e las t ic  behavior. Once the dynamic 
properties of a structure are known i t s  
behavior can be predicted, and therefore 
control led or corrected. 
Resonant frequencies, damping factors and mode 
shape &;a can be used directly by a mechan- 
ical designer to pinpoint weak spots in a 
structure design, or this  data can also be 
used to confirm or synthesize equations of 
motion for the e las t ic  structure. These 
differential equations can be used to simu- 
la te  structural response to known input 
forces and to  examine the effects o f  pertur- 
bations in the distributed mass, st iffness,  
and damping properties of the structure in 
more detail. 
In this paper the measurement of transfer 
functions in digital form. and then the 
application of digital  parameter identifi- 
cation techniques to identify modal para- 
meters from the measurer: transfer function 
data are discussed. I t  i s  f i r s t  shown that 
the transfer matr , r nich i s  a complete 
dynamic model of an F lastic structure can be 
written in terms of the structure's modes of 
vibrat ion. This special  mathematical form 
allows one t c  iden t i f y  the complete dynamics 
of the s t ructure from a much reduced set  o f  
t e s t  data, and i s  the essence o f  the modal 
approach t o  i d e n t i f y i n g  the  dynamics o f  a 
structure. Each equation i s  a statement o f  Newton's second 
law which balances ine r t ia ,  damping and re-  
s t o r i n g  forces against each o f  the  appl ied i n -  
pu t  forces. The mass, s t i f fness  and damping 
matrices contain the necessary mass. s t i f fness 
and danping coef f ic ients  so tha t  the equations 
of motion y i e l d  the correct  responses when 
inpu t  forces are applied. 
Next, various considerations which apply t o  
broad band tes t ing  using a Four ier  Analyzer 
are discussed. Ways i n  which spect ra l  re-  
solution, measurement noise, and mu l t ipo in t  
exc i ta t ion  can be handled w i t h  a d i g i t a l  
machine are also discussed. 
F ina l ly ,  the  appl icat ion o f  transfer funct ion 
models and i d e n t i f i c a t i o n  techniques f o r  ob- 
ta in ing  modal parameters from the t rans fe r  
funct ien data are discussed. Several a l t e r -  
nat ive s ing le  degree-of-freedom and mu1 ti- 
degree-of-freedan methods are covered. 
The mass, s t i f f n e s s  and damning matrices are 
usual ly  assumed t o  be rea l  valued and s y -  
metr ic.  
A considerable amount of modal analysis 
p rac t i ce  has developed around the so ca l led  
normal mode test ing.  I n  the  theory o f  normal 
modes. i t  i s  assuned t h a t  the damping matr ix  
i s  e i t h e r  proport ional t o  the mass and s t i f f -  
ness matrices (proport ional damping), o r  can 
be replaced by a complex valued s t i f f n e s s  
matr ix  (s t ruc tu ra l  damping), o r  doesn't 
e x i s t  a t  a l l .  I t has been shown recently.  ( re fs .  1 and 2) tha t  without these assumptions 
a meaningful t r a n s f o m t i o n  of equation (1) 
t o  modal coordinates i s  possible using con- 
jugate pa i rs  of complex modal vectors. Fur- 
thermore, a generalized modal transformation 
of equation (1) has recent ly  been developed 
( r e f .  (3 ) )  which does no t  requi re the mass. 
s t i f fness and damping matrices t o  be r e a l  
valued o r  symnetric. 
The resu l t s  presented i n  t h i s  paper a re  no t  
intended t o  be a survey o f  d i g i t a l  modal 
test ing, b u t  ra ther  a sunnary o f  ex- 
perience gained a t  Hewlett Packard i n  the 
development of an a l l - d i g i t a l  modal an- 
a l y s i s  t e s t  system. 
11. THE STRIJCTURE DYNAMIC MODEL 
I n  the ma jo r i t y  of present day modal analysis 
pract ice, the motion of the physical system 
i s  assumed t o  be adequately described by a 
set  o f  sirnul taneous second-order l i n e a r  d i f -  
ferent ia l  equations of the form 
I n  the approach t o  modal tes t ing  presented 
here, modal parameters are i d e q t i f i e d  from 
t ransfer  funct ion measurements. Therefore, 
i t  i s  convenient t o  w r i t e  equations (1) i n  
t h e i r  equivalent t ransfer  funct ion form. 
where 
f ( t )  = appl ied force vector 
x ( t )  = r e s u l t i n g  displacement vector 
i(t) = r e s u l t i n g  ve loc i t y  vector 
x ( t )  = r e s u l t i n g  accelerat ion vector 
Taking the Laplace transform o f  the system 
equations gives: and M, C. and K a re  ca l led  the mass, damping, 
and s t i f f n e s s  matrices. If the system has 
ndiroensions (n  - degrees-of-freedom) then 
the above vectors are n-dimensional and the 
matrices a re  (n:rq). where 
F(s) = Laplace transform of appl ied force 
vector 
X(s) = Laplace transform of r e s u l t i n g  
displacement vector 
For a two dimensional system. two d i f f e r e n t i a l  
equations of motion would be wr i t ten:  
s = Laplace var iab le (a complex number) 
8(s) i s  re fer red t o  as the system matr ix.  
The transfer matr ix  H(s) i s  def ined as the 
inverse of the system matrix. t h a t  i s :  
or' performing the ind icated matr ix  m u l t i p l f -  
cation: 
Hence, H(s) sa t i s f ies  the fo l lowing equation: 
which i s  equivalent t o  equation (4 ) .  
Each element o f  the t ransfer  matr ix  i s  a 
t ransfer  function. For an n-dimensional 
system, H(s) i s  an nxn matrix, which can 
wr i t ten:  
where h,,(s) i s  the t rans fe r  funct ion i n  
. th 1J. . t h  I- row and j- colunn o f  the t ransfer  matrix. 
Note tha t  t ransfer  functions are def ined i n  
terms of the Laplace var iab le s. The t ransfer  
funct ion i s  a complex valued function, i.e. 
i t  has a rea l  and imaginary par t .  Figure 1 
shows the real  p a r t  o f  a t yp ica l  transfer 
funct ion p lo t ted  as a funct ion o f  the s-var- 
iable. 
be 
(7 )  
the 
Note t h a t  the Fourier transform gives the 
value of the t ransfer  function along the 
imaginary axis i n  the s-plane, re fer red t o  as 
the frequency axis. The t ransfer  funct ion 
evaluated along the frequency ax is  i s  a lso  
referred t o  as the frequency response funct ion. 
The rea l  axis i n  the s-plane i s  referred t o  as 
the damping axis. The reason f o r  t h i s  w i l l  be 
made c lear  l a t e r  on. 
I t  w i l l  be shorn i n  the next sect ion t h a t  i t  
i s  possible from measured frequency response 
functions t o  i d e n t i f y  a l l  the parameters nec- 
essary t o  completely specify the m t r i x  o f  
t ransfer  functions H(s), f o r  an e l a s t i c  struc- 
ture. The t ransfer  matr ix  contains a l l  the  
information necessary t o  completely specify 
the dynamics o f  the s t ructure and i t  has 
been shown tha t  the mass, s t i f fness and damp- 
ing  matrices can be recovered once the trans- 
f e r  matr ix H(s) i s  known. 
111. MODES OF VIBRATION 
I n  t h i s  section, modes of v ib ra t ion  are de- 
fined i n  mathemetical t-rms and i t  i s  shown 
tha t  the t ransfer  matr ix can be w r i t t e n  i n  
terms of modal frequency, damping and modal 
vectors. This special mathematical form i s  
the key t o  modal tes t ing  using t ransfer  fun- 
c t ions and has impl icat ions both i n  the mea- 
surement and post tes t  analysis port ions o f  
t h i s  approach. 
Recall tha t  the elements o f  the system matr ix 
B(s) are quadratic functions o f  the Laplace 
variable (s ) .  And, since the t ransfer  mat- 
r i x  H(s) i s  defined as the inverse o f  the 
system matrix, i t  follows tha t  the elements 
o f  H(s) are r a t i o s  o f  polynomials i n  s, w i t h  
the determinant of B(s) i n  each denominator. 
That i s  the i jth element of h (s )  can be 
wr i t ten:  
RCAL CART OC THE U I U C E  TMNSCORU 
OC A SINOLE ¶EOREE9C-?REEDOY 
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F i i  1. RmI Psrt of a Trader Function 
blsZn-2 +b2sZn-I +. .+bZhls +b2n-2 
h- . (s)  = 
1 J det  (B(s)) ( 8) 
where the b O s  are polynomial coef f ic ients .  
I f  the system i s  n-dimensional then det (B(s)) 
i s  always a polynomial o f  order Zn, which has 
2n roots, i.e. values o f  s f o r  which 
det (B(s)) = 0. 
I f  the roots  of det  (B(s)) are assuned t o  be 
d i s t i n c t ,  then H(s) can always be w r i t t e n  i n  
the p a r t i a l  f ract ion form: 
where 
Pk = kth roo t  o f  det (B(s)) = 0 
ak = residue matr ix  f o r  t h e  kth root.  
(nxn for an n-dimensional system) 
The roots  pk are referred t o  as of the 
t ransfer  function. When the system i s  
subcri  t i ca lJy  damped, ths  poles are complex 
numbers and occur t n  complex conjugate pairs. 
Figure 1 shows a p a i r  o f  complex conjugate 
poles locat ions a t  s = -1 + j 5  Hertz. When 
the s t ructure i s  c r i t i c a l l y  o r  supercr i t ica ' ly  
damped. the poles are r e a l  valued and 1 i e  
along the rea l  ax is  i n  the s-plane. 
IMAG 
POLE 
LOCATION\ t 
A t  the locat ions (s=pk) i t  i s  c lea r  from ex- 
pression (9) tha t  the t rans fe r  funct ion value 
goes to  in f lu ; t y ,  i.e. i t s  denominator goes 
t o  zero. 
REAL 
CONJUGATE > I  WLE I n  physical teri,a, t h i s  i s  where the  s t ruc t -  ure i s  sa id t o  resonate o r  become resonant. 
Refer t o  Figure 1 again. For the example 
p l o t t e d  there, when the s t ructure i s  subjected 
t o  an inpu t  frequency o f  5 Hertz, i t  w i l l  
resonate because a pole i s  located a t  
s = -1 + j 5  Hertz. And the l i g h t e r  the 
damping i s ,  i.e. the c loser  the pole i s  t o  
the frequency axis, the more the s t ructure 
w i l l  resonate a f t e r  external forces are re-  
moved. I n  the extreme case where the poles 
are located r i g h t  on the frequency ax is  the 
s t ructure would resonate forever when ex- 
c i t e d  by an external force. 
Modal vectors (uk) are defined as solut ions 
t o  the ho~nogeneous equation 
uk = n-dimensional complex vector. Each complex con.iugate p a i r  o f  poles cor- 
responds t o  a mode of v i b r ~ t *  i n  the 
structure. They are complex numbers, 
w r i t t e n  as I t  has been shown ( r e f .  2) tha t  when they are 
defined i n  t h i s  way, the t ransfer  matr ix  can 
be w r i t t e n  i n  the form: 
where denotes the conjugate, ok i s  the 
modal damping coe f f i c ien t ,  (assumed t o  
be pos i t i ve  i n  value) and wk i s  the 
where the superscript t denotes the trans- 
pose and Ak i s  a scal inq constant. I n  other natural frequency_. These parameters, which 
are the coordinates o f  the poles i n  the 
s-plane are shown i n  Figure 2. words, the modal residue matr ix  ak for  
An a l te rna t i ve  set  o f  coordinates can also 
be defined f o r  describing the pole locat ions. 
The resonant frequency i s  given by: 
mode (k)  can be w r i t t e n  i n  terns of the 
modal vector uk as 
a k = A u u  t k k k  
Furthermore, i t  i s  shown i n  ref.(2) tha t  the 
transfer matr ix  can be w r i t t e n  as a s~mnat ion 
o f  (n) conjugate pai rs :  
and the dampinq fac to r  o r  percent o f  
c r i t i c a l  dampinq i s  given by: 
When ck = 1,mode (k )  i s  c r i t i c a l l y  damped; 
where uk* i s  the conjugate o f  uk and pk* i s  
the conjugate o f  pk. (Ak = 1 without loss 
and when Sk < I r  mode (k )  i s  s u b c r i t i c a l l y  
damped. 
of general i ty.)  Each of the terms i n  the 
sumnation i n  expression (16) i s  an nxn mat- 
r i x  which represents the contr ibut ion o f  
each mode (k) t o  the t rans fe r  matr ix.  
property i s  v a l i d  ( i .e.,  B and H matrices 
are symnetric). 
No more than one mode ex is ts  a t  each 
pole loca t ion  o f  the system t ransfer  
matr ix.  For a 2-dimensional system, there can only 
be two modes o f  v ibrat ion.  Therefore, there 
are two sets o f  comp!ex conjugate pa i rs  o f  
modal vectors and poles, i .e. pract ice, the pole locat ions pk and one 
row o r  column o f  the residue matr ix  ak are 
ac tua l l y  i d e n t i f i e d  from one row o r  column 
of measured t ransfer  f u n c t i ~ n  data. Sup- 
pose tha t  the qth row o r  colunn o f  the tran- 
f e r  matr ix  was measured. Then the qth row 
o r  col~unnof ak, c a l l  i t  r , would be ident- qk 
i f i e d  from the data. I t i s  straightfornard 
t o  show tha t  the e n t i r e  residue matr ix  can 
be constructed from the i d e n t i f i e d  qth row 
o r  columr~ using the formula 
and the t ransfer  matr ix  i s  w r i t t e n  as the 
sum o f  submatrices 
where r i s  the qth component o f  the qqk 
residue vector. I f  a s ing le  exc i te r  i s  used 
to measure the qth column o f  the t ransfer  
matrix, then r i s  the residue a t  the qqk 
d r i v i n g  point.  
COMPLEX MOM SHAPE 
The s t ruc tu ra l  model used i n  the foregoing 
developnent required tha t  the damping matr ix 
be symmetric and real  valued. Without fur ther  
r e s t r i c t i o n s  on damping, such as the pro- 
p o r t i  onal damping assurnpti on, the mode vectors 
can i n  general be complex valued. I t  i s  important t o  note tha t  each row and 
coiumn o f  the numerators i n  the above matrices 
contains the same modal vector, m u l t i p l i e d  by 
a component o f  i t s e l f .  I n  other words, the 
modal vectors and pole locat ions can be ident-  
i f i e d  from a x  row o r  column o f  the trans- 
fer matr ix  except those corresponding t o  
components o f  a modal vector which are zero, 
known as node points. This leads t o  perhaps 
the most s i g n i f i c a n t  premise of modal tes t -  
ing using t h i s  approach. 
When the mode vectors are rea l  valued, then 
they are the equivalent o f  the mode shape, 
i .e .  the ob5erved spa t ia l  motion of the mode. 
I n  the case of complex mode vectors, the 
in te rp re ta t ion  o f  the mode shape i s  s l i g h t l y  
d i f fe ren t .  Recall tha t  the transfer matr ix  
f o r  a s ing le mode ( k )  can be w r i t t e n  
Only one row o r  column of the t ransfer  matr ix  
needs t o  be measured i n  order t o  i d e n t i f y  a l l  
the modal parameters of a s t ructure provided 
the fo l lowing assmptions are met where ak = (nxn) complex residue matr ix .  
1. The motion i s  l inear ,  described by the 
l i n e a r  second - order equations. pk = pole locat ion o f  mode (k ) .  
2. The symnetry o f  moti on o r  rec ip roc i t y  
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'k .... where = complex residue o f  mode (k) . 
The inverse Laplace transform of the trans- . . 
f e r  funct ion o f  expression (21) i s  the . . . .  ...... . . .  i 
. . .  
... impulse response o f  mode (k)  . I n  other . . .  
words, i f  only mode (k)  o f  the s t ruc tu re  . . . . .  . , 
could be exc i ted w i t h  a u n i t  impulse 
function, i t s  time domain response would be 
0 10 SEC 
meters necessary t o  character ize the modes 
o f  v ib ra t ion  o f  the structure. 
I n  t h i s  section, various methods o f  mea- 
sur ing t ransfer  funct ions w i t h  a d i g i t a l  
machine are discussed. I n  addit ion, d i g i t a l  
techniques for reducing measurement noise and 
increasing frequency resolut ion are discussed. where Irkl = 
ak 
= 
magnitude o f  the residue 
phase angle o f  the  residue 
1. TWO CHARNEL MEASUREMENT WITH BROADBAND 
EXCITATION arctan Imaginary par t  ( r k )  - 
Real oar t  ( r k )  
Sine wave exc i ta t ion  can be used t o  measure 
t ransfer  functions using a Fourier Analyzer, 
bu t  i t  has some c lear  disadvantages compared 
t o  other types of signdls. Sine tes t ing  i s  
slow since i t  only excites the s t ruc tu re  a t  
one frequency a t  a time, whi le  the d i g i t a l  
FFT i s  capable o f  generating a l l  frequency 
l i nes  i n  a band o f  i n t e r e s t  simultaneously. 
Therefore, a broadband exc i ta t ion  signal such 
as an impulse o r  random noise source which 
excites .the s t ructure over a spectrum of 
frequencies simultaneously makes transfer 
funct ion measurement fas te r  w i th  a Fourier 
Analyzer. 
Note: It i s  convenient t o  remove a factor 
o f  21 from the residue i.: expression (21) 
i n  order t o  s imp l i f y  the above resu l t .  
Expression (22) i s  a sinusoidal waveform w i t h  
frequency wk m u l t i p l i e d  by the decaying ex- 
ponential funct ion ,-'kt as shown i n  Figure 3. 
Hence, the response i s  a decaying sinusoid 
where the amount o f  decay (damping) i s  con- 
t r o l l e d  by the parameter wk. A phase s h i f t  
i n  the impulse response i s  introduced by 
the phase angle ak o f  the complex residue Secondly, since modal analysis assumes tha t  the dymanic behavior of the s t ructure i s  
(modal vectot ).  Note tha t  when the residue l inear ,  any measured non-linear behavior w i l l  
vector i s  rea l  valued (ak = 0 ° )  there tend t o  inva l ida te  the modal parameter est- imates. A broadband random signal i s  act- 
u a l l y  helpful  i n  removing the e f fec ts  o f  non- 
i s  no phase delay i n  the impulse response of l i n e a r  behavior from the measured t ransfer  
mode (k) .  funct ion data. 
I t i s  t h i s  phase delay which i s  represented TRANSIENT TESTING 
by the complex mode shape. 
A f a s t  method o f  performing t rans ient  tes t -  
ina i s  t o  use a hdnd held hamner w i t h  a load 
c e i l  attached t o  impact the structure. The 
I I I. MODAL TESTING CONSIDERATIONS load c e l l  measures the i , iput force, and 
accelerometers mounted on the s t ructure mea- 
sure the response signals. The setup time 
I n  the l a s t  section, i t  was shown tha t  only required t o  use t h i s  method i s  neg l ig ib le  
one row o f  colunn o f  the t ransfer  matr ix  need compared to  the mountina and a1 ignment o f  
be measured i n  order to  i d e n t i f y  the para- shakers. A t yp ica l  tes'  setup i s  shown i n  
Figure 4. 
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Figure 4. Hammer Test Satup 
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Whether a h a n e r  o r  shaker i s  used t o  impact 
the structure, the signal measuring equip- 
ment must contain a t r i gger ing  mechanism 
capable o f  capturing the ma jo r i t y  o f  t h i s  
shor t  durat ion signal.  
The pi i m r y  drawback o f  the t rans ient  tes t -  
i n g  method i s  t h a t  the power spectrun o f  the 
impulse cannot be con t ro l led  as we l l  as a 
random spectrum. Figure 5.A shows a typic?: 
impulse signal and i t s  corresponding power 
spectrum. This p a r t i c ~ t l a r  signal prov; !cs 
energy from DC (0 frequency) to  5 Mz, but  
the  e n e r v  density nay n o t  be high snough 
to exc i te  an e n t i r e  structure. The ns ly  
way o f  providing more etiergy i s  t o  h i t  the 
s f iuc tu re  hardei, whict may-destroy it! 
0 0 kHz 10 kHz 
Figun SA. Impulse Signal and Powor Spsctrum 
Figure 58. Impulse Signal and Power Spectrum 
On the other hand, a so f te r  head can be 
placed on the hamner o r  shaker head t o  soften 
the impact. This has the e f fec t  o f  changing 
the impulse t o  a wider time width pulse, and 
the bandwidth o f  the corresponding power 
spectrum w i l l  i n  general be less than tha t  
of the impulse. Figure 5.8 i l l u s t r a t e s  t h i s  
case. This method can be used t o  concentrate 
more energy a t  lower frequencies bu t  s t i l l  
may not provide the energy leve ls  necessary 
t o  t e s t  a large, heavi ly damped st ructure.  
RANDOM TESTING 
Two primary advantages o f  using a shaker 
dr iven by a broadband random signal are 
tha t  i t  i s  more contro l lab le than a tran- 
s i e n t  signal and when used i n  conjunction 
w i t h  power spectrum ensemble averaging 
(described la te r ) ,  noise and non-1 inear 
components of the s t ruc tu ra l  dynamics can be 
removed from the measured data. 
A random signal can be generated i n  several 
d i f f e r e n t  ways : 
METHOD #1. 
A st ra ight forward approach i s  t o  use a random 
signal generator and pass the signal through 
a band pass f i l t e r  t o  concentrate the energy 
i n  a band o f  in terest .  Figure 6. i l l u s t r a t e s  
t h i s  case. Gweral ly ,  the signal spectrum 
w i l l  be f l a t  except f o r  f i l t e r  ro ! l -o f f  a t  
the ends o f  the spectrun and you can only  
control  the overa l l  l e v e l  o f  the signal 
(i .e. the overa l l  spectrum leve l ) .  One draw- 
back o f  t h i s  approach i s  t h a t  although the  
shakw i s  being driven w i th  a f l a t  spectrum 
signal, the s t ructure i s  excited by a signal 
w i th  a d i f f e r e n t  spectrum due t o  the impedance 
match between the  s t ructure and the shaker 
head. To overcome th is ,  a signal w i t h  a 
shaped spectrum must be output t o  the shaker. 
Another more serious drawback o f  t h i s  method 
i s  tha t  the measured signals ( inpu t  and re-  
spo~se)  are not per iod ic  i n  the seasurement 
time window. A key assumption o f  d i g i t a l  
Fourier Analysis i s  tha t  a measured time 
waveform be per iod ic  i n  the measurement time 
window. I f  i t  i s  not. the correswndins fre- 
quency spectrum w i l l  contain so ca l led  "leak- 
age". That i s ,  energy from the non-periodic 
RANDOM 
SIGNAL CHARGE 
GENERATOR AMPLIFIERS 
parts of the signal w i l l  "leak" i n t o  the 
per iod ic  parts o f  the spectrum, t h i s  g iv ing  
an inaccurate resu l t .  Figure 7. i l l u s t r a t e s  
the difference b~ tween a signal which i s  per- 
i o d i c  i n  the window and one which i s  non- 
periodis. Figure 7.A. shows a s ine  wave o f  
period T. The veasurement window covers the 
f i r s t  t iw  in te rva l  (0, T) but  note tha t  if 
the measurement were repeated again i n  the  
in te rna l  (T, TT), the exact same waveform 
would be measured. When a signal repeats i n  
each successive time per iod (T), i t  i s  sa id  
to be per iod ic  i n  the window (0, T). 
Note tha t  the non-periodic signal i n  Figure 
'.B. does n o t  repeat i n  each successive tim 
period (T). I n  sumnary a signal x ( t )  i s  
per iod ic  i n  a window (T) i f  and only i f  
Typical i npu t  and response signal pa i rs  f o r  
t rans ient  and random measurements are shown 
i n  Figure 8. The t rans ient  waveform i n  
Figure 8.A. are per iod ic  i n  the windowi- 
However, the random signals are non-periodic 
i n  the window (0, T) since they do no t  re- 
peat i n  successive windows o f  length T. 
The Hanning Window 
The Hanning window i s  normally used, t o  re -  
.duce leakage i n  the spectrun o f  a non-per- 
i o d i c  random signal. 
The Hanning window i s  shown i n  Figure 9. 
When a non-periodic time waveform i s  m u l t i -  
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Figure 6. Random Tm Setup 
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plied by this wi:~dow, the values of thr!  
signal !n the measurement window rmre closely 
satisfy the requirements for a poriodtc 
signal. 
Figm 7A. Signal Pafiad~c in Window 
Figure 78. Signal Non-periodic in th. Window 
Therefore, leakage in the spectrum of a signal 
which has been mu1 tiplied by the Hanning win- 
dow i s  greatly reduced. 
However, multiplication of two time waveforms, 
i .e. the non-periodic signal and the Hanning 
window, i s  equivalent to convolution of their  
corresponding Fourier transforms. Hence, 
although mu1 tip1 ication of a non-periodic 
signal by the Hanning window reduces leakage, 
the spectrum of the slgnal i s  s t i l l  distorted . 
due to convolution with the Fourier trans- 
f u n  of the Hannlng window, i .e. i t s  l ine 
shape. 
0 T 
Fium 9. Hanning Window 
Therefore, when a ncn-periodic random noise 
source i s  used to excite the structure, a 
Hanning wir.30~ must be applied to  the ma- 
sured time-domain signal s and the effect of 
th i s  uindcw must be deconvolved from the 
transfer function. This i s  easily done 
using digital techniques provided that  the 
spectrum of the input signal i s  f l a t .  
METHOD #2 
To avoid the problems of using a non-periodic 
random signal, i t  i s  po:t!c,~e with a digital 
computer to generate a random slgnal 
and then output i t  to the shaker through a 
digital to analog converter (DAC).  To do 
this, enough random data !s synthesized in 
the computer to drive the shaker for T sec- 
L 
0 RESPONSE T 
Figure 8A. Transient lnput and Rasponse Signals 
0 INPUT T 0 RESPONSE T 
Figure 80. Random Input and Rasponre Signals 
Y(w) = 
N(w) = 
X(w) = 
H(w) = 
Since we 
Fourier transform o f  
sponse signal 
Fourier transform 09 
Fourier transform o f  
sponse measurement 
Transfer funct ion o f  
measured re- onds, and t h i s  data i s  then repeatedly out -  
put  through the ADC every T seconds. The 
random signal i s  per iod ic  since i t  repeats 
every T seconds, and i s  referred t o  as a 
seudo random signal. This method o f  ex- 5-7- c t a t  on not only removes windowing problems, 
since the measuted signals are periodic, but  
allows you t o  shape the spectrum o f  the ran- 
dom signal l i n e  by l i n e  t o  compensate f o r  
loading of the shaker by the structure. 
noise 
desired re- 
s t ruc tu rs  
are in terested i n  i d e n t i f y i n g  modal 
parameters from measured t rans fe r  functions, 
the variance on the parameter estimates i s  
reduced i n  proport ion t o  the amunt  o f  noise 
reduct ion i n  the measurements. Two methods 
o f  noise reduct ion whlch take advantage o f  
the d i g i t a l  data form and the data proces- 
s ing capab i l i t i es  o f  a Fourier Analyzer are 
discussed here. One i s  an averaging tech- 
nique appl ied a t  measurement time, and the 
other i s  a sm~oth ing technique which i s  ap- 
p l i e d  a f t e r  the measurements h a w  been made. 
However, because i t  i s  periodic, a pseudo 
random signal w i l l  not  e f f e c t i v e l y  remove 
nonlinear d i s t o r t i o n  compon~nts from the 
measurement. 
METHOD # 3 
The best possible random signal i s  one t h a t  
i s  both per iod ic  i n  the window, i.e. s a t i s -  
f i e s  the conditions f o r  a per iod ic  signal 
and y e t  changes wi th  time so t h a t  i t  excites 
the s t ructure i n  a t r u l y  random manner. COMPUTATION OF THE TRANSFER FUNCTION IN 
THE PRESENCE OF NOISE 
  his type o f  signal i s  referred t o  as a 
p m d i c  random signal.  I t  s t a r t s  out 
exc t t i ng  the s t ructure i n  the same manner 
as a pseudo random signal.  Then, a f t e r  the 
s t ructure has reached a steady s ta te  condi- 
t ion, i.e. the t rans ient  par t  o f  i t s  motion 
has diea out, a measurement i s  taken. Then, 
instead o f  continuing w i t h  the same pseudo 
random s i ~ n a l ,  a d i f f e r e n t  one i s  synthesized 
and output t o  the s t ructure.  This new ex- 
c i t a t i o n  w i l l  exc i te  the s t ructure i n  a d i f -  
fe ren t  steady s ta te  manner than the previous 
one, and when the power spectrums o f  these 
two measurements and many others are averaged 
together, non-1 inear d i s t o r t i o n  components 
are removed from the measured resu l t .  Ref- 
erence (4) explains these methods i n  more 
de ta i l .  
I n  Figure 10. above, we wish t o  compute 
H(w) from the  measured and transformed sig- 
nals F(w) and Y(w). Recall t f l a t  H(w) i s  
defined as the r a t i o  X(w)/F(b). Dropping 
the frequency dependence from the notation, 
Figure 10. y i e l d s  the e x p r ~ s s i o n  
A l l  quant i t ies i n  equation (23) are scalers. 
The input  ( o r  auto) power spectrum i; defined 
as 
and the cross-power spectrum as 
Gyr = YF* = (HF+N)F* = HGff + NF* ( 2 5 )  
2. REDUCING MEASUREMENT NOISE where denotes the complex conjugate o f  the 
transform. One of the problems o f  any modal tes t ing  
system i s  tha t  extraneom noise from various 
sources i n  the measurement equipment o r  on 
the s t ructure i t s e l f  i s  measured along w i t h  
the desired signals. Figure 10 below depicts 
t h i s  s i t u a t i m  for the case involv ing trans- 
f e r  funct ion measurements. 
Now consider averaging the quant i ty  G yf - 
The average value o f  G from n d i f f e r e n t  y f  
measurement s i s  
where 
F(w) = Fourier t r a n s f o n  o f  n~easured input  
signal 
where G ( i )  i s  the ith measuremmt taken. yf 
Therefore, 
where HI i s  assumed t o  be invar ian t  (i.e. THE COHERENCE FUNCTION 
no t  changing from measurement t o  measurment) , Whenever transfer functions are measured on 
a d i g i t a l  Fourier Analyzer i n  the manner 
j u s t  discussed, the coherence funct ion can 
also be eas.ily computed. The coherence 
function denoted y2(w) i s  defined as the 
r a t i o  
and cff and cnf are defined s i m i l a r l y  tc, F y f '  
Now i f  the noise i s  assumed t o  h w e  zero mean 
value and to  be incoherent w i t h  the input  
signal,  then res onse power caused b a 1 ied  i n  u t )  *' = -stred response i~ WE:) (b 
The coherence funct ion i s  also dependent upon 
frequency. Recall from Figure '10. tha t  the 
measured response Dower spectrum corttains the  
Dower caused SY the inout  and the Dower due 
t o  extraneous noise sources. The measured 
response power syectrum i s  w r i t t e n  As the  number of averages grows larger ,  the 
noise t e n  i s  reduced and the r a t i o  cyf/cff 
more accurately estimates the t rue  t ransfer  
function. 
Figure 11. shows ihe e f f e c t  o f  averaging on 
a t yp ica l  t ransfer  funct ion measurement. 
The response power caused by the 
input  i s  
While the cross Dower spectrum between mea- 
sured input  and response i s  
Subst i tu t ing these i n t o  :he d e f i n i t i o n  f o r  
coherence and taking averdge values from a 
large number o f  measurements, as explained 
wi th  the previous t ransfer  function calcu- 
l a t i o n ,  gives 
Figure 11 A. h w e m n t  with 3 Avetagw 
From the de f in i t i on ,  i t  i s  c lear  tha t  when 
the measured response power i s  i n  f a c t  caused 
t y  the measured input  power, the coherence 
value i s  one, for a l l  frc?quer :ies. But when 
the measured response power i s  greater than 
the measured input  pcwer because some ext rz-  
eous noise source i s  i o n t i - ~ b u t i n g  t o  the out- 
put power, then the cohcrcnce value w i l l  be 
less than one (but  greater than zero) for 
those frequencies where the n7ise source 
adds power t o  the response signal.  
Hence, tne coherence funct ion i s  used to  in-  
d icate the degree o f  noise contarnipation i n  
a transfer funct ion measurement and i t  can 
be used i n  a qua1 i t a t i  ve way t o  determine 
hcw much averaging i s  necessary to  remve 
0 FREOUENCV 1 kHz 
Figure 110. Measurement with 50 Avoraga 
noise from the measurement. Figure 12. 
shows coherence functions corresponding t o  
the transfer funct ion measurement i n  Fig- 
ure 11. Note tha t  w i th  more averaging the 
estimate of coherence contains less va r i -  
ance. thus g iv ing  a be t te r  estimate o f  the 
noise energy i n  the measured signal. 
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MORE AVERAGES <= Figure 13. contains a block aiagram of the 
power spectrun averaging process usc'd i n  a 
d i g i t a l  machine t o  reduce noise i n  t ransfer  
funct ion measurements. 
I 
FORM TRANSFER FUNCTION 
EXPONENTIAL SMOOTHINS 
If after  a reasonable amount o f  averaging. 
the transfer funct ion measurements are 
s t i l l  r e l a t i v e l y  noisy, the noise can be 
fur ther  removed by means o f  an exponential 
smoothing process. Many d i f fe ren t  types o f  
schemes could bz used t o  smooth data, 
but the exponential fun r i i on  i s  ad~ar~tageous 
i n  t h i ,  case because i t s  e f f e c t  on the data 
i . tnown. 
Reca!? f ran  sect ion I 1  tha t  the inverse 
Fourier t r a n g f o n  o f  a t ransfer  funct ion i s  
the sum o f  the impulse responses o f  the modes 
i n  the measurem. n t  bandwidth, i .e. 
Since the noise i s  d is t r ibu ted  evenly through- 
out the block and the signal decays exponent- 
i a l l y ,  thc signal-to-noise r a t i o  o f  the com- 
bined signal also decays exponential ly.  
Now i f  the measurement plus noise i s  mu1 ti- 
pliec' by a decreasing exponential function 
(ca l led  all exponential window). as shown i n  
Figure 15.. the noise a t  the r i g h t  hand end 
o f  the block i s  truncated, whi le  the signdl 
toward the l e f t  hand end i s  preserved. The 
overa l l  s ignal t o  noise r a t i o  o f  the data i s  
increased since the combined signal plus noise 
i s  weighted more heavi ly i n  favor o f  the 
signal and less i n  favor o f  the noise. When 
the resul t ing waveform i s  transformed brck t o  
the frequency domain, the corresponding 
An example o f  t h i s  sum o f  decaying sinusoids 
i s  given i n  Figure 14.A. Peasurement noise 
adds uniformly t o  t h i s  impulse response and 
therefore gives t1.c resul t shown i n  Figure 
14.8. 
t ransfer  funct ion has been smoothed, as 
i l l u s t r a t e d  i n  Figure 16. Furthermore. 
the width o f  the modal resonances, which are 
governed by the amount o f  damping i n  each 
node have increased by a amunt. If 
the exponential window i s  represented by 
b = a known constant, then the impulse re- 
sponse a f t e r  windowing i s  
0 TIUS l SEE 
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I n  other words, a known amount of damping (b) 
i s  added t o  each mode w i t h  each mu1 t i p 1  i c a t i o n  
o f  the impulse response by the exponential 
window. 
0 Sou nr 
F i i  168. Transfer Function A h  Smoothing 
The smoothed t ransfer  funct ion data can there- 
fo re  be used t o  i d e n t i f y  modal paramete~s and 
the correct  damping coe f f i c ien t  can be reccv- 
ered by subtract ing the amount o f  damping aue 
t o  the smoothing process from the i d e n t i f i e d  
dampi ng val ue. 
The drawback o f  t h i s  approach t o  noise removal 
i s  that if modes are c losely  spaced i n  fre- 
quency, exponential smoothing w i l l  smear the3 
together so that  they are no longer discern- 
able as two modes. 
3. GAINING FREQUENCY RESGLUTION 
Normally, the Fourier transform i s  computed 
i n  a frequency range from zero frequency 
(O.C.) t o  sane maximun frequency (Fmx). This  
d i g i t a l  Fourier transform i s  spread over a 
f i xed  nuiber o f  frequency 1 ines ( t y p i c a l l y  
1024) which therefore l i m i t s  the frequency re -  
so lut ion between 1 i nes . 
Band-selectable Fourier Analysis, the  so ca l -  
l e d  ZOOn transfom, i s  a measurement tech- 
nique i n  which Fourier transform based dig- 
i t a l  spectrum analysis i s  performed over a 
frtquency band whose upper and lower fre- 
~uencies a re  independently selectable. A 
comparison o f  Band-selectable Fourier Ana- 
l y s i s  (JSFA) and standard (Baseband Fourier 
Analysis i s  shown i n  Figure 17. 
BSFA can provide an improvement i n  frequency 
resolut ion >f more than a factor o f  100. as 
h e l l  as a 10 dB increase i n  dynamic range. 
compared to Baseband Fourier Analysis. It 
i s  also ca l led  the ZWH transform since i t  
zooms i n  on a por t ion  o f  a Baseband spectrun 
and "magnifies" it w i t h  nore l i n e s  o f  d e f i n i -  
t ion, much as a camera zoom lens magnifies a 
p ic ture.  The topics o f  reso lu t ion  and dy- 
namic range are discussed separately below. 
m iooo i o n  low i o n  iioo r t n  c i s  i i n   roo i r n  
fn*nsl lnrl 
Figure 17. &SE Bsnd vs. Zoom Transform 
INCREASE0 RESOLUTION 
I n  any measurement technique, the resolut ion 
achievable i n  the  frequency domain i s  deter- 
mined by the length of time tha t  the time- 
domain signal i s  observed. Speci f ica l ly ,  the 
frequency domain resolut ion i s  the  reciprocal 
of the time length of the measurement 
( ~ f  = 11T). 
Baseband Fourier Analysis provides uniform 
frequency reso lu t ion  from D.C. t o  FmX (one- 
na l  f the sampling frequency). Thus, the 
f reqwncy reso lu t ion  can a lso  be expressed as 
a f  = FmW/(N/2), where N i s  the block size; 
the number o f  samples describing the r e a l  
time funct ion. There are N/2 complex (mag- 
n i tude and phase) samples i n  the frequency 
danain. 
I n  actual pract ice, FmaX i s  f i x e d  by the 
frequencies o f  major experimental in terest ,  
and by a l ias ing  considerations. Thus. the 
only way t o  improve frequency resolut ion 
i n  Baseband Fourier Analysis i s  t o  increase 
the block size. There are two reasons why 
t h i s  i s  an i n e f f i c i e n t  way t o  increase f re -  
quency resolut ion : 
A. D i g i t a l  processing times increase w i t h  
block size. 
B. The maximum block s i ze  i s  l i m i t e d  t o  
some r e l a t i v e l y  small rider of sam- 
ples, based on Computer memory size. 
BSFA solves these problems by providing 
g rea t l y  increased resolut ion about po ints  
o f  i n te res t  i n  the frequency domain, wi th-  
ou t  requ i r ing  an increase i n  the system's 
block size. 
This i s  done by d i g i t a l l y  f i l t e r i n g  the 
incoming time-domain data, and s t o r i n g  only  
the f i l  tered time-domain data, corresponding 
t o  the frequency domain band o f  in terest .  
Since the f reqwncy resolut ion i s  s t i l l  
the r e ~ ~ ~ r o c a l  o f  the  time length of the 
incoming signal,  the d i g i t a l  f i l t e r s  must 
process T seconds o f  data t o  obta in a f re-  
quency r e s o l ~ t i o n  i n  the analysis band of 
o f  = 1/T. The resolut ion obtained i n  the 
frequency band o f  i n t e r e s t  i s  approximately 
c f  = bandwidthl(Nl2) ( 38) 
Thus, by r e s t r i c t i n g  a t ten t ion  t o  a narrow 
region o f  i n t e r e s t  below FmaX, an increase 
i n  frequency resolut ion proport ional to  
FmaI/BW (where BU i s  the BSFA measurement 
bandwidth) can be obtained. 
INCREASED DYNAtlIC RANGE 
BSFA can provide increased dynamic range re- 
l a t i ve  to  Baseband Fourier Analysis. This 
i s  due to  the increased "processor gain' on 
the analog to  d ig i t a l  converter (ADC) quant- 
izat ion noise. However, a BSFA system can 
take advantage o f  t h i s  processor gain only 
t o  the extent that  i s  made possible by the 
noise level and out-of-band re ject ion o f  
the pre-processing d ig i t a l  f i l t e r s .  Certain 
BSFA f i l t e r s  can provide more than 90 dB of 
signal-to-noise and out-of-band re ject ion 
(Ref 5.). 
Processor gain refers to  the e f fec t  o f  i n -  
creased freqwncy resolution on white noise 
i n  the presence o f  a narrow-band signsl, 
such as a sine wave. The sine wave energy 
ex is tsa tas ing le f requency.  I t speakva lue  
is, therefore, independent o f  the frequency 
resolution. The white noise peak aaplitude, 
however. i s  reduced 3 dB i n  power each 
time frequency resolution i s  increased by a 
factor o f  2. BSFA provides increased pro- 
cessor gain by increasing frequency re- 
solution i n  the analysis band ( re la t ive  t o  
the baseband measurement). 
4. SINGLE POINT EXCITATION 
Having discussed how single transfer functions 
are measured, t h i s  section returns t o  the 
fundamental modal testing problem, measurement 
o f  one raw 01 c o l m  o f  the transfer matrix. 
Consider the f o l  lowing two-dimensional ex- 
ample which defines the transfer matrix as: 
I n  order to  measure the f i r s t  row o f  transfer 
functions along the frequency axis i n  the 
s-plane, that i s  t o  measure the frequency 
response functions 
the structure should f i r s t  be excited a t  
point 81 and i t s  response simultaneously 
measured a t  point tl. Then the f i r s t  trans- 
fe r  function hll(w) i s  computed by forming 
the ra t i o  o f  
Fl (w) = Fourier transform o f  the input a t  
point 81 
XI(,,)) = Fourier transform o f  the response 
a t  point f l  
Next, the structure would be excited a t  point 
12 and the response a t  point # I  simultaneously 
measured. Then the transfer function h12(w) 
i s  computed by forming the r a t i o  
F2(w) = Fourier transfonn o f  the input 
a t  point 12 
Note that the f i r s t  row o f  the trans ;er 
matrix i s  the same as the f i r s t  column 
since H(s) i s  synmtric, i.e. hlz(s)=h21(s). 
To measure one colum o f  the transfer matrix. 
the exciter i s  placed a t  one point on the 
structure (point  # I  t o  measure col~avl  tl; 
point  12 t o  measure column 12) and the re- 
sponses a t  points 81 and 12 are measured. 
For instance, column 72 would be measured 
by forming the ratios: 
This measurement i s  actually made using 
expression (28) but for s impl ic i ty  i t  i s  
represented here as the r a t i o  of transforned 
response over input. 
as d e f i n 4  before, and 
where X (w)  = Fourier transform o f  response 2 
a t  point t2. 
The method j us t  described requires that the 
structure be excited a t  only one point a t  a 
time. i.e. single point  excitation. 
5. FIULTI-POINT EXCITATION 
I n  many cases a structure may be so large 
or  heavily damped that a single point ex- 
c i t e r  does not put enough energy i n to  the 
structure to  excite the mdes o f  interest. 
I n  addition. the structure may have mul t i -  
p le modes a t  the same frequency. I n  these 
cases, two o r  more exciters may be required 
to excite the structure. A l l  o f  these 
inputs and the correspondi rig responses must 
of course be measured and because the data 
i s  i n  d ig i t a l  form, the desired row or  
column o f  the transfer matrix can s t i l l  be 
formed using matr ix  algebra. 
I n  general. the t ransfer  matr ix  i s  defined by 
Post mu1 t i p l y i n g  by the  conjugate transpose 
(denoted by T) o f  the transformed inpu t  
vector gives 
then so lv ino expression ,46) f o r  ~ ( s )  gives 
If m-inputs are used t o  exc i te  an n-l inensional 
system (m 5 n) , then the corresponding m col -  
m s  of H(s) can be computed using expression 
(47). Note tha t  the inputs cannot be corn- 
p l e t e l y  corre la ted o r  the ind icated inverse 
w i l l  not  ex is t .  
Consider the fo l lowing case where two inputs, 
located a t  pc in ts  i and j on the s t ructure 
arc used 
Dropping the s- var iab le dependence from 
the notat ion i n  expression (48) gives 
Q i s  an n x 2 matr ix  and P i s  a 2 x 2 matr ix.  
The inverse o f  P can bo w r i t t e n  i n  closed form 
using Cramar's rule, d ~ ~ d  the ind icated mult-  
i p l i c a t i o n  o f  expression (49) can be car r ied  
ou t  using the Fourier transforms o f  input  and 
response signals t o  y i e l d  frequency response 
funct ions corresponding t o  the ith and j t h 
columns o f  the t ransfer  matr ix.  
This procedure can be extended t o  la rger  
nulbers o f  inputs bu t  the required algebra 
involv ing the inpu t  and response Fourier 
transforms becomes more ~ ( ~ n p l e x .  
I V .  HOOAL PARAMETER IDENTIFICATION 
When a st ructure i s  e x c i t r d  by a broad band 
inpu t  force many o f  i t s  modes of v ib ra t ion  
(degrees-of-freedom) are exc i ted simultaneously. 
Since the s t ructure i s  assuned t o  behave i n  a 
l i n e a r  manner i t s  transfer funct ions are 
r e a l l y  thesum o f  the resonance curves f o r  
each o f  i t s  modes o f  v ibrat icn,  as shown i n  
Figure 18. 
I n  other words, a t  any given frequency the 
t rans fe r  funct ion represents the sum of 
motion o f  the modes o f  v ib ra t ion  which 
have been excited. However, near the nat- 
u r a l  frequency o f  a p a r t i c u l a r  mode i t s  con- 
t r i b u t i o n  t o  the overa I 1 motion i s  general ly 
the greatest.  The degree o f  mode overlap. 
i - e .  the contr ibut ion o f  the t a i l s  o f  ad- 
jacent modal resonance curves t o  the transfer 
funct ion magnitude a t  a modes' natura l  fre- 
quency, i s  governed by the amount o f  damping 
o f  the modes and t h e i r  frequency separation. 
Figure 19 i l l u s t r a t e s  l i g h t  and heavy modal 
overlap. Figure 19.A. shows modes w i th  
1 i g h t  damping and s u f f i c i e n t  separation 
so that  there i s  l i t t l e  modal overlap. 
Figure 19.6. shows modes w i t h  heavy damping 
and/or s u f f i c i e n t l y  high modal density 
Figure 18. Magnitude of a Multi Degreeof-Freedom System Transfer Function 
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( l i t t l e  frequency separation) such t h a t  there This complex resonance curve generated by 
i s  p lenty  o f  m d a l  overlap. This condit ion expression (50) along the frequency ax is  
i s  a lso referred t o  as modal coupling. (s=iw) i s  shown i n  Figure 20. 
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the v i c i n i t y  o f  each modal resonance as if 
i t  were a s ing le degree-of-freedom system. 
I n  other  words i t  i s  assuned t h a t  the  con- 
t r i b u t i o n  o f  the t a i l s  o f  adjacent modes near 
each modal rescn mce i r  neg l ig ib l y  small. 
On the other hard when mcdal overlap i s  
heavy a s ing le  aegree-of-freedom approach t o  
modal parameter i d e n t i f i c a t i o n  w i l l  no t  work; 
the parameters o f  a l l  the modes must be i d -  
e n t i f i e d  simultaneously. 
The m i t y  o f  modal parameter i d e n t i f i -  
catior, ,echniques used today are based upon 
s ing le  degree-of-freedom models. This  i s  
so because the presently popular normal mode 
nu1 t i  -shaker tes t ing  techniques re pre- 
dicated upon the exc i ta t ion  o f  one mode o f  
v ib ra t ion  a t  a time and hence the measured 
t ransfer  funct ion p r imar i l y  r e f l e c t s  the 
motion o f  a s ing le mode of v ibrat ion.  
F i w  20. Raronancs Curve for Singk-Degreof -Fdom 
The resonance curve i s  generated by s w i n g  
two terms together, one t h a t  describe5 the 
motion p r imar i l y  around the p o s i t i v e  f re -  
quency wk, and one t h a t  describes the motio~. 
Recall from expression (21) tha t  the transfer 
funct ion o f  a s ing le  mode (k)  o f  a l i n e a r  
system can be represented as 
p r imar i l y  around ?he negative frequency ( -ukf  
Normally the t ransfer  funct ion i s  on ly  mea- 
sured f o r  pos i t i ve  frequencies, i.e. along the 
+iw dxis, and i t  i s  c lea r  tha t  f o r  pos i t i ve  
frequencies the major i ty  o f  the modal reson- 
ance i s  described by the formula 
where 
pk = pole loca t ion  i n  the s-plane 
The frequency response function Hk(w) can be rk = complex residue 
w r i t t e n  i n  rea l  and imaginary parts as where 
Irk[ = magnitude o f  complex residue 
a k  = phase angle of residue 
= arctan (Im(rk)/Re(rk)) 
I f  the residue i s  rea l  valued and o f  u n i t  
magnitude then 
where 
rk = rlk + i r 2 k  
Pk = -uk + i w k  
s = i~ 
Now a t  modal resonance, i .e., QJ = wk, i t  i s  
clear from the expressions above tha t  I t  i s  straightforward t o  show tha t  
1 2  1 
R ~ [ H ~ I ~  + (Im[Hkl + $1 = l v  (%) 
That is,  the modal resonance curve ;s a c i r c l e  
i n  the Nyquist plane w i t h  radius 1/4 ok and 
centered a t  - i / 4  ak as shown i n  Figure 22. 
The complex residue vector ~ r ~ j e ' " k  merely 
MODE SHAPE FROM QUADRATURE RESPONSE 
TI.. rea l  p a r t  of Hk(w) i s  also referred t o  
as the coincident o r  i n - ~ h a s e  recpnnse, and 
the imaginary par t  o f  Hk(w) i s  ca l led  the 
quadrature o r  out-of-phase response. The 
so -cal led co-quad p l o t  i s  simply the trans- 
fw funct ion p lo t ted  i n  rectangular ( rea l -  
imaginary) coordinates along the frequency 
axis. 
I n  cases o f  l i g h t  damping the residues are 
found t o  be almost always real  valued. There- 
fore r2.0 and Re(Hk(,J)=O. When t h i s  assump- 
t i o n  i s  v a l i d  the mode shape can be i d e n t i f i e d  
by merely p ick ing the quadrature response o f  
each measurement a t  the modal resonant f re -  
quency. Figure 21 i l l u s t r a t e s  t h i s  case. 
MODE SHAPE BY CIRCLE FITTING 
Another s ing le degree-of-freedom approach to  
ident i fy ing the mode shape i s  based upon use 
of the Nyquist ( o r  rea l  vs. imaginary) p l o t  
o f  the t ransfer  funct ion. Expression (51) 
fo r  a s ing le  mode (k )  can be rewr i t ten  
MODE W I P E  - C+TAINEC! AT S A U l  IREOUENCV FROM ALL 
UEASURCUENT mws 
Figure 21. Mode Shape from Quadrature Response 
expands the radius of the c i r c l e  and rotates 
the c i r c l e  i n  the Nyquist plane by t h e  clock- 
wise angle ak away from the  negative imag- 
ina ry  axis, as shown i n  Figure 23. 
IMAC. 
In  general c i r c l e  f i t t i n g  involves the f i t t i n g  
o f  a c i r c l e  i n  pararcetric form 
by a leas t  squared e r r o r  procedure t o  s nuni- 
ber o f  measured t ransfer  funct ion data points 
i n  the v i c i n i t y  o f  each modal resonant f re -  
quency. I n  the process the center of the 
c i r c l e  (a, b.) and i t s  radius (c)  are ident- 
i f i e d .  The radius o f  the c i r c l e  i s  then used 
as the magnitude of a component of the mode 
shape and the phase angle i s  computed as 
The complete mode shape i s  obtained by f i t t i n g  
c i r c les  t o  each measurement o f  an e n t i r e  row 
o r  column o f  the t ransfer  matr ix.  This method. 
which i s  re fer red t o  as the Kennedy-Pancu 
method (Ref. 6). i s  general ly more accurate 
than simply using the quadrature response. 
MODE SHAPE BY COMPLEX DIVISION 
This technique i s  also based upon the reson- 
ance curve for  the  pos i t i ve  frequency pole 
o f  a s ing le  mode, which i s  described bv 
Since p, the pole locat ion, i s  assumed t o  be 
constant no matter where a t ransfer  Function 
measurement i s  made on the structure, then 
the r a t i o  o f  two t rans fe r  functions (n) and 
(m) i s  
I n  other words d i v i d i n g  one t rans fe r  funct ion 
by another y ie lds  a complex scalor  a t  a l l  
frequencies. Therefore i f  a s ing le  transfer 
funct ion (m) i s  d iv ided i n t o  a l l  other mea- 
surements from a row o r  c o l m n  o f  the  trans- 
f e r  matrix, and several values o f  the  re- 
su l tan t  quot ients i n  the v i c i n i t y  o f  each 
modal resonance are averaged together a f te r  
each d iv ide  operation, the complex vector 
i s  iden t i f i ed ,  which i s  proport ional t o  the 
mode shape. 
This method i s  a lso be t te r  than the quadrature 
response method since, l i k e  the c i r c i e  f i t t i n g  
method, i t  uses a number o f  data points i n  the 
v i c i n i t y  of the  modal resonance. However, i t  
i s  sensi t ive t o  s h i f t s  i n  the modal f re -  
quency from measurenent t o  measurement. When 
these s h i f t s  do occur, the r e s u l t i n g  mode 
shape has small phase changes i n  it. 
MDDE SHAPE BY A DIFFERENCE FORMULA 
This formula i s  based upon the d i f ferenc ing 
of t rans fe r  funct ion data between adjacent 
frequency l ines.  I n  f a c t  both residues and 
pole locat ions can be determined by t h i s  d i f -  
ferencing approach. 
L e t  the t ransfer  funct ion f o r  a s ing le  mode 
(k )  a t  frequency w j  be def ined by 
where $I = wrc - wj. 
and a t  the previous frequency w j  _l by 
Then the  des i red parameters wk and ok a r e  
obta ined by forming t h e  r a t i o  
and t h i s  formula a l s o  app l i es  a t  each f r e -  
quency w j' 
The product o f  these two values i s  
Both o f  t h e  above d i f f e r e n c i n g  fo rnu las  can 
be der ived us ing h igher  order  d i f f e rences  
also.  
2. MULTIPLE DEGREE-OF- FREEDOM MODELS 
A l l  o f  t h e  above methods work reasonable w e l l  
when t h e  amount of  over lap  between modes i s  
smal l .  However, i n  cases where the amount 
o f  modal over lap  i s  s u f f i c i e n t  t o  cause 
s i g n i f i c a n t  e r r o r s  by t h e  s ing1 e degree-of- 
freedom techniques a mu1 t i -degree-o f -  freedom 
i d e n t i f i c a t i o n  technique must be used. 
and t h e  backward d i f f e r e n c e  (AH. = Hj-Hj-l) J 
i s  
I n  general some type of  curve f i t t i n g  tech- 
nique which matches the  f o l l o w i n q  summation 
expression evaluated along the  frequency 
a x i s  (s=jw) t o  measured frequency response 
funct ion  data i s  necessary. 
D i v i d i n g  the  d i f f e r e n c e  i n t o  t h e  product gives 
t he  des i red res idue va lue 
Hence by forming the  product and d i f f e rence  
o f  adjacent frequency l i n e s  o f  data t h e  
res idue i s  est imated us ing t h e  above formula, 
which a l s o  includes the  frequency r e s o l u t i o n  
between l i n e s  ( w .  - w .  ).  T h i s  formula ap- J J-1 
For  each mode ( k )  t he  four parameters f r e -  
quency, damping and complex res idue ( two 
parameters) must be est imated simultaneously.  p l i e s  a t  a l l  f requencies and, as i n  t h e  
previous case, i s  bes t  app l i ed  t o  data  i n  
t he  v i c i n i t y  o f  t he  modal resonance and then 
an average o f  t h e  r e s u l t s  computed. 
LEAST SQUARES ESTIMATION 
0 1 ~ e  technique t h a t  has been success fu l l y  ap- 
p l i e d  a t  Hewlett-;;ackard i s  t h e  appl i c = ~ t i o n  
o f  equat ion (70) by an i t e r a t i v e  l e a s t  squared 
e r r o r  technique t o  the  complex t r a n s f e r  
f unc t i on  data. The i t e r a t i v e  equations r e -  
s u l  t from a min imizat ion  of  t h e  e r r o r  func- 
t i o n  
POLE LOCATION L i V  A DIFFERENCE FORMULA 
Suppose t h a t  expression (62) i s  f i r s t  mu1 ti- 
p l i e d  by w j  t o  g i ve  
and then the  d i f f e r e n c e  ( A Y  . = Y  - Y .  ) formed J j 3-1 where 
H. = t he  neasured data a t  frequency J " j 
H(wj) = the  a n a l y t i c a l  model a! frequency 
(u:) 
J 
N = data b lock  s i z e  
With each i t e r a t i o n  o f  the  algori thm new 
values o f  a l l  four  unknowns f o r  each mode 
are estimated which fu r ther  reduce the e r ro r  
between the measured and analy t ica l  waveforms. 
Fioure 24, i l l u s t r a t e s  a mu1 ti-degree-of- 
freedom curve f i t  tising t h i s  process. 
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An A1 ternate Approach 
From inspect ion o f  expression (70). i t  
i s  c lear  t h a t  the t rans fe r  funct ion i s  a 
l i near  funct ion o f  the residues rk. 
Therefore, i f  the pole locdt ions pk were 
known, the residues rk could be i d e n t i f i e d  
using a leas t  squared e r r o r  procedure tha t  
involves so lv ing a set  o f  simultaneous l i n -  
ear equations. Hence, a simultaneous 1 i n -  
ear equation so lu t ion  alsori thm conlbined 
wi th  a s e a r ~ h  procedure which i te ra tes  to-  
ward an optimum estimate o f  pk i s  another 
appmach t o  i d e n t i f y i n g  modal parameters 
w i th  a mu1 ti-degree-of-freedom model. 
With e i the r  o f  the i t e r a t i v e  techniques j u s t  
mentioned the modes must somehow be i d e n t i f i e d  
beforehand and i n i t i a l  estimates o f  t h e i r  po le 
locat ions given as s t a r t i n g  vslues. Modes 
are general ly i d e n t i f i e d  from t h e l r  re- 
sondnce peaks on the t ransfer  funct ion mag- 
n i tude curve. This  can be done e i the r  by 
a computerized peak p ick ing procedure, o r  
by hand. S ta r t ing  estimates o f  modal damp- 
ing and residue can usual ly be sat is fact -  
o r i l y  i d e n t i f i e d  using one o f  the  previously 
described s ing le  degree-of-freedom methods 
o r  some other technique. 
This apparent disadvantage, i .e. having t o  
i d e n t i f y  the modes before the leas t  squared 
f i t t i n g  process begins, turns out  t o  be an 
advantage from an operational standpoint. 
I n  a t e s t  s i t u a t i o n  the machine operator i s  
able t o  maintain control  over the modal par- 
ameter i d e n t i f i c a t i o n  process by specifying 
modes a t  ce r ta in  frequencies even though 
from p a r t i c u l a r  measurements t h e i r  presense 
may not  be apparent. 
THE COMPLEX EXPONENTIAL ALGORITHM 
A d i r e c t  so lut ion o f  the modal parameter 
i d e n t i f i c a t i o n  problem underwent a consider- 
ab le amount o f  development f o r  the U.S. Navy 
several years ago (Ref. 7). I t  i s  re fe r -  
red t o  as Lhe complex exponential algorithm. 
The approach i s  d i r e c t  i n  the sense tha t  no 
s t a r t i n g  modal estimates are necessary. The 
algori thm works w i t h  the inverse transform 
o f  the t ransfar  funct ion i .e., the impulse 
response. Expression (22) t4e charac te r i s t i c  
damping sinusoidal 'response, can also be 
w r i t t e n  using complex exponential funct ions 
as 
Using the comple~ exponential algori thm 
t h i s  expression i s  curve f i t  t o  one mea- 
sured row o r  column o f  the impulse responses 
(corresponding t o  a row o r  column o f  the 
t ransfer  matr ix) and the parameters pk and rk 
are i d e n t i f i e d  i n  each measurement. 
The a l g o r i t h  i s  a two step process which 
solves fop a1 1 the polynomial roots  pk f i r s t  
( r e c a l l  :hat ?he poles pk are roots  o f  the 
polynomial ~ z t  (B(s) = 0) and then the re-  
s.~rlues rk. Or ig ina l l y  the algori thm would 
f i n d  ( 4 4 )  modes i n  a impulse response t h a t  
i s  (n) data points long. However, i t  has 
been improved recent ly  so tha t  parameters 
for a prespecif ied nunber o f  modes are i d -  
en t i f i ed .  Nevertheless, the weakness o f  
t h i r  approach i s  tha t  the machine operator 
has no control  over the r o o t  so lv ing pro- 
cess and hence the algorithm w i l l  put  modes 
wherever necessary t o  f i t  the data. There- 
fo re  the same mode nsly not  be i d e n t i f i e d  
i n  d i f f e r e n t  transfev funct ion measurements, 
thus making i t  d i f f i c u l t  t o  iden t i f y  a mode 
shape by t h i s  process. 
V. CONCLUSIONS 
The development of a l l - d i g i t a l  systems t o  
c o l l e c t  and process dynamic v ib ra t ion  datae 
from mechanical structures i s  beginning t o  
mature more quick ly  as t e s t  engineers rea l -  
i z e  the power of the d i g i t a l  Fast Fourier 
transform as a too l  for transfer funct ion 
measurement. The tes t ing  and analysis tech- 
niques presented here are but  some o f  the 
approaches tha t  can be used w i t h  measure- 
ments tha t  are i n  d i g i t a l  form. 
Although analog based s ing le mode tes t ing  
techniques are current ly  more widely used 
than the d i g i t a l  techniques presented here, 
there are some inherent advantages t o  broad 
band tes t ing  e.g., speed, accuracy, resol -  
ution, noise re ject ion,  and repeatabi l i ty ,  
which ind ica te  tha t  more Fourier transform 
based systems w i l l  be used f o r  modal t e s t -  
i ng  dnd analysis i n  the future. 
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HARDWARE/SOFTWARE DEVELOPMENT TECHNIQUES TO SUPPORT 
COMPUTER CONTROLLED TEST SYSTEMS 
Laurie R . Burrow, Jr . 
Spectral Dynamics Corporation of San Diego 
San Diego, California 
An economical systems approach is  describzd for controlling a desired 
random spectrum shape at a reference point. Hardware concepts for perfarming 
a "Power of 211 inverse FFT from a 500-point real time spectrum and software 
considerations for control and simple user dialog are presented. Examples are 
given of a complete test sequence including system calibration, establishing 
safety criteria. and displaying calibrated results. The extension of this concept 
to shock analysis and control is also given. 
INTRODUCTION 
The process of using the Fas: Fourier 
Transform (FFT) algorithm coupled to a computer 
for generating a.d controlling a random vibration 
test has evolved into a pradical and realistic 
concept today. 
The basic approach is  that of measuring 
a response from a control accelerometer using 
a forward transform, then comparing this with 
an operator-entered reference spectrum. Next, 
creating a spectrum that when converted to a 
random time function by use of thc inverse FFT 
and used to excite the shaker system. would 
result in a response spectrum that matched the 
reference spectrum within prescril cd limits. 
An investigation into the available systems indi- 
cated that a less complex and less costly approach 
was needed to really make digital random control 
and its inherent benefits available on a practical 
basis. 
The purpose of this paper is  to describe 
the hardware and software design considera- 
tions for the Spectral Dynamics Digital Random 
Control System. Many system details not con- 
sidered pertinent arc omitted. As in most cases, 
we were somewhat biased in our approach due 
mainly to our years of experience in the environ- 
mental field, as well as our practice of making 
minimum use of other manufacturers1 hardware 
in SDC systems. 
SPECTRAL DYNAXICS1 APPROACH 
O-iginally, it was intended that a version 
of the SDXO D i ~ t S  ignal Processor (DSP) , 
Fig. 1, would be used to perform forward and 
inverse Fourier l'ransforms because of its high 
processing speeds. The basic cost of FFT hard- 
ware caused a re-evaluation of plans for a Digital 
Random Control System. After a review of the 
analyzers available, G high speed 500-line Real 
Time Spectrum Ana'yzer , Fig. 2 ,  was chosen 
as the Power Spect' al Density Analyzer since 
it had the required nalysis ?peed, economy, 
and reliability. Having made this decision. 
a basic approach was formulated which needed 
to be unique since an aVdyzer was being used 
tkat was not geared to l'Pirwers of i" as are typical 
FFT implementations. Thus, the RTA would be 
used to perform the PSD resgome measuremats 
from the rmtrol acceleromater and software used 
tc perfcrm the inverse F F  in the computer. 
MARKE'r" INPUTS GUIDE DESIGN PHILOSOPHY 
The Basic System requirements as viewed 
by SDC Marketing after observations and dis- 
cussions with various customers were: 
1) Personnel cutbacks in Aerospace and 
Government laboratories resulted in very high 
wurkloads on system operators, and many new 
and less experienced people were called upon 
to operate complex systems. As a result, operator 
errors and setup errors of systems were on the 
increase. 
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The assembly language portions of the 
software a re  the workhorses of the system. 
P-lthough usually most difficult to write and more 
time consuming to debug than the FOCAL routines. 
these program sections handle the high-speed 
input/output functions and data manipulations 
that a re  beyond the capabilities of most high 
level languages. These routines a r e  usually 
modular i n  form, and a re  made as general and 
fleldbie as possible without sacrificing speed 
and memory allocation. This usually results 
in  assembly language modules that may be used 
in many systems and/or applications with little 
o r  no modification necessary. 
Figure 3 shows a typical group of FCCAL 
statements whereby dialog i s  set up with the 
operator of the Systen. 
4.05 S D=FN(PAX.l2);S DS=FS(l.FN(DST.lO)) 
&D*200 
4.10 D 4.95 
4.15 T "DEFINE?";D 5; I(X-OY)4.2.4.5 
4.20 T "WST?";D 5;I(X-OY)4.25.4.6 
4.25 T "EDIT?";D 5;I(S-OY)4.3.4.7 
4.30 A "PLOT RANGE (DB): " .X;I(X)4.45. 
4.45;X FN(PLGT8.X) 
4.45 T "DISABLE TEST?";D 5; I(?(-OY)4.9. 
4.8.4.9 
4.56 D 20;G 4.9 
4.60 D 21;G 4.9 
4.70 D 22;C 4.9 
4.80 .: FX(PAN.2.D);D 20.4 
4.90 XFN(PAN.8) 
4.93 i %2.1."TEST NUMBER:" .D.1 
Figure 3. Typical Croup of FOCAL Statements 
10 S FS(PAN.6.G);X FN(PA;:.l0,4) 
Figure 4. Typical 2rogram Control Transfer 
Figure 4 shows typical "calls" o r  transfer 
of program controi to hibh-speed assembly lan- 
guage routines. As an example, the routine. 
FN (PAN .6.4) has one parameter. The FN tells 
the program that it is a user-defined function; 
the PAN ,6 tells the program which function; 
ar.9 the four is  the parameter. This particular 
function defines at what pretest level the system 
switches from pslredo random ta random drive. 
When the assembly language program has been 
executed. the routine returns to FOCAL and pro- 
ceeds to execute the next sequential program 
statement. 
With a compact interpreter language, opera- 
?or dialog can be  rapidly constructed fr-r entering 
test profiles and limits. as well as listing and 
editing test profi!es . Everythir.g connected with 
the use of the teletype is as simple and short 
6s possible for the average user .  but for the 
more sophisticated user .  there i s  the ability to 
change certain parameters as desired for special 
applications -5 conditions. For example. the 
dialog can ka modified s o  as to be  in S p a n i ~ h .  
German. Frencn, etc. .averaging times can be 
changed. psuedo random can be used, etc . 
SYSTEM CONTROL PANEL 
Since much of the effort put into the SDC 
Digital Rar.dom System centered around the re- 
quirement that the system b e  safe and easy to 
operate, a new instrument wns designed to sen'e 
as the system control panel, as well a s  to house 
certain system per ' . r i~eral~.  such as programmable 
amplifiers. output low ;.ass filter. and system 
timing. As a matter of fact. oac- the test profiles 
a re  entered into the system. there is little need 
for the operator to concern himself with anything 
other than the control panel and the scope display. 
By referring to Figure 5. i t  c m  be  seen 
that a diiferen: approach than most d the other 
systems that were available on the market was 
taken. The test operators may enter tests and 
r e ~ a l l  tests by simply assigning a number to 
a particular test and then using this number. 
recall and run those tests usicg the "Test No" 
selector. Provisions for inserting ten different 
test pnf i l es  and then recalli: g. running the 
tests. plotting the resul ts ,  etc. . without any 
further intervention of the teletype were made. 
Thus,  the teletype can be  removed from the systex 
and stored until additinnd test profiles o r  new 
profiles a re  desired to be  entered. The control 
panel is  sectioned in such a manner a s  to make 
its use as simple a s  practical. 
The teletype button. which ison *he lefthand 
side of the control unit in  the first section. is  
used to initiate dialog with the teletype connecteu 
to the a s t e r n .  Below that. is a Post Test Data 
switch whereby different responses and records 
made during a test can be  recalled, displayed. 
o r  plotted. The next section to the right is  for 
calibration of the system and the actual process 
of sterting and running a test.  The user can 
deiine up to four levels below full test so that 
equalization can be accomplished in steps. The 
present pretest-level condition bf a teat is  indi- 
cated by the LED indicators. This is  particu- 
larly helpful if many non-linearities a r e  ancoun - 
tered or  if there is m c e r n  over equalization 
dynamic range. 
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important. One of the nost conxon mistakes 
made when doing random data analysis is not 
to ha-.-e the input amplifiers of the Red Tine 
h a l y z e r  up to their maximum level. 
The outputs from the Ileal Time Analyzer 
go in two directions. One output is fed to the 
spectrun averager and then to the display oscil- 
loscope. The Real Time Analyzer used has the 
ability to simult~ntwusly d~sp lay  both the averaged 
and the unaveraged spectrum data on the oscillo- 
scope, thus alerting the operator for sudden and 
unexpected changes in the spectrum which. due 
to the averaging process. would show some time 
later on the screen. This unaveraged displny 
capability, while new to most operators. is an 
extremely vali*able tool for observing sudden 
changzs in response spectrum. 
I I 1  
I 2 1, 
, f-x, v 
Another output from the Reel Time Analyzer 
is  from the Analog-to. Digital Converter that con- 
verts the spectrum ;tmplitude into digital data 
output to the minicomputer. This data IS fed 
Into the computer memory, nveruged, and used 
I 
I ! 
I OR I 
as the basis for d o ~ n g  the foIlow-on calculations 
I I 1 I 
RTA 
After the input data is compared to the 
rcfercnce saectrurr.. limit checked, e t c . .  a random 
time function is fed from ;he minicomputer through 
a direct memory ;~ccess channel snd a digital 
to-tinalog con\-erter . This random time function 
is  fed through en ndditionnl proprnmmnble nttenu- 
ator whose output is passed through ? low pnss 
filter to remove harmonic component.; that night 
be qcnernted in the output nnd then is  f ~ d  on
to the power umplificr nnd into the shaker. 'The 
progr;immable output nttenu:ttor :tdlusts thc cor- 
rect over;~ll rms 1t.vcl into the power iinplifier. 
..\dd~tional inputs and outputs from the 
System Control unit are for sensing nnd con 
trolling the indicntor l ~ g h t s  of the pnnel. nnd 
for supplying powcr to the panel. r \ lw contained 
in the System Control unit is a hnrdunrc test 
tlmer rtnd provisions for externcl hardware nbun 
connections. :Ill the cssmtial design rcqulrc 
mcnts for the systcm :Ire contqined in thi.: con 
ceptud blocl; dingr tm 
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THEORETICAL COSSIDERATIOSS 
The equalization speed of any random shaker 
contro: system is determined by two main factors: 
1. The time it takes to attempt one equali- 
zation; 
2. The number of equalizction attempts 
necessary to achieve equalization. 
A certain amount of trade-off can be  exer- 
cised be ween these two points. If o~!e attempt 
of equalization is based on data with low statistical 
contdence. the speed of one equalization nttempt 
is  high,  but a higher number of attempts is neces- 
sary lo achieve equalization: plus the fact that 
ttls resulting equalized spectrum will have a 
distributed mean which i s  very undesirable. 
The Random Shaker Control syslem m~ninizes  
the number cf attempts; therefore. inpu: data 
is  needed with a high statistical confidence. 
We know from various references the statis- 
tical accuracy oi a PSD estimate is  a function of 
the effective noise bandwidth of the analysis 
filter and tile time over which the o ~ t p u t  of the 
filter is  averaged. Xlathemotically . this c.m 
be  expressed as: 
% r = 1 x 100. where B i s  the 
- 
, BT Soise Bandwidth of the (1) 
analysis filter and 
T is the total averaging 
time in seconds. 
Or. 
The above for.nula is  valid for i < t 20 0 .  
Since we decided we wanted an r of 
approximntely 12% o r  t 1 dB. we could use the 
above formula. 
In the Random Shaker Control system. 
the Real Time Analyzer produces a 500- line PSD 
estimate of the accelerometer signal every 50 
msec. o r  twenty 500-line estimates per second, 
independent of tt,. rate at which the input signal 
is  sampled; that IS. independent of the bandwidth 
of analysis. The RTA samples the input signnl 
at I t  times the Syquist rate (equal to 3 times the 
full scale frequency range); therefore, the 500- 
line PSD e:-timate is based on the 1500 sampled 
values. A s  long as it takes less than 50 msec 
to collect the 1500 sampled values (one llemory 
Period). the PSD estimates produced at 50 msec 
rate are  independent of each other. However. 
in practical cases the memory p e r i d  i s  longer 
than 50 msec. At 2 kHz for instance. the memory 
period is 250 msec. resulting in 5 PSD estimates 
per  mc nory period o r  about '20% ~ndependence 
of successive PSD estimates. As each PSD esti- 
mate is  produced. it is  averaged with previous 
estimates. We have termed this redundant aver- 
aging. 
Although redundant averaging does 
not coriiribute to the accuracy of the PSD esti - 
mate faster than non- redundant averaging. it 
does reduce the variance of the estimate faster 
by reducing the measurement noise due to instru- 
ment noise and the beatins of nearby frequency 
components. The accuracy of the PSD estimates 
in  the Random Shaker Control system can be  
further improved by choosing l! 2 o r  1:4 of the 
measurement resolution for control resolution. 
In these cases the number of control filters i s  
reduced by a factor of 2. o r  4. by mmbining 
2 .  or  4 .  PSD frequency components into one 
filter. The result is  that the bandwidth of the 
control filters is effectively doubled o r  qund- 
rupled. 
r s i n g  Equation 2 for 135-line operarion 
of the system. o bandwidth of 4 x noise ban?- 
width of the 500-line anal::sis is used since a r e r -  
aging 4 of tile 500-line tllters gives the reduced 
resolution of 125 lines. The effective noise band- 
width of the 500-line analysis is  approximately 
equal to 1.5 x the filter spacing. On the 2000 Hz 
range. the filter spacing is 
.'. BW = 1.5 x 4 = 6 Hz Soise Llanawidth. 
Thus .  when four filters are  a .  aged 
a R\\' for 125-line ope12tion equal to 24 H Z  i~ 
obtained. 
Using the crit, !?% accuracy of the 
PSD estimate. Equation . :> used to determine 
the averaging time. 
Solving for 
Since redundant averaging was used. 
o r  a spectrum is  averaged every 0.050 seconds. 
the closest value to 2.9 sec that wns n binary 
multiple of 0.05; i . e . .  2 x 0.05. 4 x 0 .O5, e tc .  . 
is  chosen (64 x 0.05 = 1.2 s ~ c o n d s )  . 
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The reason for a binary multiple is for 
sonware simplicity in dividing the resultant 
averaged values by the number of averages. 
Thus,  the resulting accuracy of the PSD estimate 
can be computed using E<uation 2. 
T = Glavg.  x 0 . 0 5 s ~  = 3.2 sec.  
Another expression of statistical cwnfidence 
is  the number of statistical degrees of freedom 
based on a Chi Square distribution; o r .  
C) Generate a new drive spectrum; and 
d )  Inverse FFT to create new drive time 
function. 
This i s  kept as short as possiblc so  that 
the PSD measurement will be the major factor 
controlling speed. 
Another design decision made was that 
once equalization i s  achieved within t 1 dB a 
new drive spectrum o r  output record is  no longer 
created; thus,  removing a large portion of the 
major overhead in cwmputation and approaching 
more clasely the nveraging time a s  the controlling 
loop time consideration. 
2 x 2E x 3.2 = 154 statistical degrees Also decided was that each equalization 
of freedom. attempted would correct 100% of the e r r o r  between 
the measured response and the reference response. 
It has been generally accepted in the field Thus.  the following equation is  used: 
that 128 degrees of freedom will usually provide 
accuracy of t i dB in a PSD estimate. Sew Drive Spectrum = 
Thus for 125-line operation, the PSD esti- 
mate takes 3.2 seconds. f he PSD estimate takes 
6.4  seconds for 250 Lines and for 500 lines takes 
12.8 seconds. maintaining in all cases the same 
PSD statistical accuracy. 
The loop time, or the period of one equali- 
zation. is defined as  the total time that the syste.n 
takes to: 
Reference Spectrum x Old Drive Spectrum (4) 
Response Spectrum 
This computation is  carrieri out point by 
point on the spectra involved. Figure 7 .  With 
a perfect PSD measuremer' and a linear mechani- 
cal system. this would reduce the e r ror  betwesn 
measured spectra and desired spectra to zero 
after only one loop time. 
a )  Make the PSL) measurement; FINAL SYSTESI COSFICCRATIOS 
Figure 8 shows the final system configura- 
b)  Compare against the reference spec- tion with the display oscillr,scope. the control 
trum with limit checks; panel. the Real Time Analyzer and the computer. 
125.250. or 500 POINTS 
RESPONSE PSD 
0 0 0 0 0 0 0 0 0 0 0 0 0  
0  0 
0  0  
0  0 
0 0 
0  0 
0  0  
*= 
OLD DRIVE SPECTRUM 
0 3 
7 0 t b 
W F  - 
REFERENCF PSD 
2 F  
NEW DRIVE = &,XOLD DRIVE 
F ~ g u r e  7 .  Error C.orrect~on for ileasured R~sponac  
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of attempts nt equalization at each level,  then 
automatically progress yo the next level. This 
process is  continued u r k l  the full test level 
is  reached. The test is  then run until the timer 
has been satisfied, or the operator terminates 
the test. 
TEST Nl'tlBER: 0 
DErINE3 (Y/N)*  Y 
I. o u r ~ t m  L I n I t  (DB R E  I VOLT): 2 8  
2. TEST DURATION (SEC) (I=CONTlNUOUS)8 1 2 8  
3. CONTROL RrSOLVTIOW (LINES):  1 2 5  
4. ACCUfROMErfR SENSITIVITY <I(V/6)1 1 8 0  
5. AVTOMTIC MODE: (Y/hS)t Y 
6. DlABLE LOOP OPEW FUUCTlONl (Y/N) t  Y 
me YOU SUAE: CY/N):  Y 
7 .  N W f R  OF PRETEST L E V U S :  2 
PRETEST LEVEL (DB): 6 
PRETEST LEllEL (DB): 3 
8. RHS ABORT ( D B ) t  2 
9. TOLmANCE & ABORT PROFILE 
NUUBD4 OF BRFAKPCINTS: 2 
BREAKPOINT (HZ): 1 6  
UFPER TOLmANCE (DB): 3 
LOVER TOLERANCE (DB): 3 
ABORT (DB): 6 
B R W ( P 0 I I R  (HZ): 2 8 1 8  
UPPER TOLLRANCE (DB)r  1.5 
LOW= TOLLRANCE (DB): 1.5 
ABORT (DB): 3 
18. STANDARD SPECTRWU 
I N I T I A L  SLOPE CDB/OCT): @ 
NfmBER OF BREAKPOINTS: 6 
BRW(PO1Wt CIIZ): 1B18 
AHPLITUDE (6*6/HZ) 1 .Be5 
FINAL SLOPE (DB/OCT): I 
Figure 13.  Inltlal ha log  
Line 6 asks whether or not to enable the 
Loop Open function. I f  the response to that is 
"Yes", it asks the question. "Are you sure?" 
At full test level. by pressing the Test button 
an additional time, the feedback loop can be 
opened and the system continue to output the 
last equalized drive spectrum into the package. 
This is  particularly useful for doing fixture 
evaluation nnd looking at responses of other 
points on a package. The only danger in this 
is  that all the software limit checking and pro- 
tection IS disabled; thus,  the system has no 
software protection and if no hardware protector 
i s  present,  then the system would be totally with 
out protection. 
The Loop Open function is provided as 
a convenience for those who wish to do evalua- 
tions and look at responses from other points 
of a package. In essence, it completely frees 
the Real Time Analyzer for various other func- 
tions, even looking a! responses on different 
frequency ranges. As a matter of fact durin: 
operation of the system, the Real Time Analyzer 
and the Averager have been disconnected and 
removed from the rack. 
Line 7 ,  Number of Pretest Levels, i s  used 
to define up to four different pretest levels,  which 
can be defined at any level relative to full test 
level. 
TEST N m m :  8 
D P I l l t  (T/W)# 
LIST? ~ Y / U ) #  T 
L I S T  ALL? cT/m>: Y 
I. OUWVT L I M I T  (DB RE 1 VOLT)* - 2 8  
e. r E s r  DURATION t sn )  (1-CORTINMUS): 1 2 8  
3. COWTRCL RESOLUTION ( L l W f S ) S  1 2 5  
4. ACCUEROHETm SQL5ITlVITT (UV/6)1 l 8 0 - 8 8  
5. AUTOUATIC MODES YES 
6. P U B L E  LOOP OPDt  FIJNCTlONt YES 
7 .  PRETEST L E V U S  (DB): 
- 6 
- 3 
8 .  RUS ABORT ( D B ) t  2.8 
9. TOLmAICI:  & ABORT PROFILE 
B R W T  +TOLER -TOLLR *ABORT 
16 3.1 -5.1 6 -8 
0110 1.5 -1 .5 3.9 
1,. STA*DARD SPECTRUM 
I R I T I A L  SLOPE CDWOCT) 8 1.81 
?lW SLOPE <DB/OCT)t 1-11 
BRRPT (HZ> A m L T  
8 1.11111 
16 1 . 1 1 1 S  
I W 8.1115 
Jill 8.1151 
7 0 )  1.11M 
1111 1.1151 
Figure 1 4 .  Inltlal L~st lng 
Line 8.  Ask for an RblS Abort in dR. 
if the test level is  exceeded by x dl{, the sys  
tern will shut the test down. ITndertest , how 
e v e r ,  is not protected except for loss of feed 
back. 
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Line 9 i s  fairly self-explanatory. The 
tolerance and thort profiles are  entered, the 
same a s  a standard spectrum is  entered. The 
upper and lower tolerance in  dB is  referred to 
the level of the standard spectrum. The abort 
level is an imaginary line that rides on the top 
of the upper tolerance p r o f i l ~  and if any parti- 
cular spectral line exceeds the specified dB 
relative to the standard, it will shut the test 
down. 
Line 10 is  the dialog used to enter the 
standard spectrum. It ,  once again, is  self- 
explanatory. 
LIME Y W W :  7 
7. NfRILIm OF PRETEST L W m S a  3 
PRETEST L E V U  cDB)a 9 
PRETEST L E U U  CDBla 6 
PRETEST L F J 5  (DB)I 3 
LINE NUUBLRr 
I .  OVTPm LIMIT (DP RE I VOLT): - 20 
e. TEST DURATION (SEC) (0-CONTINWUS): IQI 
3. CONTROL RtSOLIlTION (L1NES)l 2 5 0  
4. ACCULROULtm S ~ S f l I V I T Y  (UV/6)8 111.10 
5. A[ltOnATIC uor'c: YES 
6. ENABLE LOOP 3PUl FUWCTIOWI YES 
7 .  PRETEST L n t t L S  tDB)a 
- 9 
- 6 
- 3 
8. R)ISABORt (DEt): 2.0 
9. TOLERANCE 4 ABORT PROFILE 
BRWPT +TOLER -TOLW +ABORT 
16 3 -3.1 6.0 
2011 1.5 -1.5 3.1 
I# .  STAUDAHD SPWTRUU 
INITIAL SLOPE (DB/OCT)I 1 -81  
FINAL SLOPE (DB/OCT)I 9-98 
BRKPT tnz) AUPLT 
8 8.11110 
16 @*BOO5 
1 SO 8 .1105 
308 1.11 51 
7110 1.1151 
la00 0 .08!50 
Figure 16.  Fmal Listing 
Put vourself in the place of an operator 
and &e a look at Figure 17. How do you run 
a test? 
/- - izl CALL TTY FOR 3,' CO,.lh'.4ND COMPUTER 4 STAR1 TEST SEQUENCE 1 ) SELECi  TEST 
ENTERING TEST T'J I EST CALCULATE PARAMETFRS ALL /.-TO (ARRC:VSI F U L L  TEST/- LOCATION 
AND CALIBRATE 
SYSTEM 
i. . 
CONTROL IF  IN A Rrrns 
OR PLOT AUTOMA-IC MODE B FULL L t V E L  TEST TIME 
C PLOTTER CAL 
D FIS PSD CAL 
E l E S T  TIME A T  ABORT 
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First,  assume tilet a test profile has been 
defined and assigned the test number 5. Dial 
"5" into the TEST NUblBER swltch and press  
START. If a system calibration is  necessary, 
the CAL light turns o n ,  and the system does 
a fall calibration and functional check. When 
this i s  ?omplete, the STOP hght comes on.  
Now, pressing the STAtiT button turns on the 
START lamp and starts the full test sequence. 
Note that the systen will not allow the test to 
proceed until o proper calibration i s  performed. 
If the same tesi is run repeatedly, a CAL is neces. 
sary only for the first run .  This is  the Qpe  
of operational "irlterlocks" built into the system 
software to insure safe operation. 
If the Automatic mode in the TTY dialog 
is  specified for test 5 ,  the operntor simply sits 
back and watches. The system now equalizes 
at each of the pre-defined pretest levels. As 
equalization is  aecomplished, o r  with a prese!ec- 
ted number of tries to equalize (if equalization 
is  not achieved within the test tolerances), the 
systelx steps to the next pretest level and again 
attempts to equalize. Following the last pretest 
level, the system increases the drive level to 
full test level, and turns or, the TEST lamp. 
From the operator's standpoint, he must 
keep in mind only two rules: 
1. He can never start a test withoui inter1 
tionally pressing START; 
2 .  He cnn stop a test at any time by press- 
ing STOP. 
If the test .s to be t inzd ,  the system nuto- 
n~atically shuts off at the end of the test time and 
indicates an 05 in  the numeric indicator. If the 
system should abort, the numeric indicator shows 
the operator the reason: 
0; External Abort #1 
02 External Abort #2 
03 External Abort #3 
04 External Abort #4 
The External Abort signals are simply contact 
closures which are connected to the system 
:hrough the control panel. Each pnir of contact 
lines m y  be jumpered .'or Normally Open or  
Normally Closed operation. These signals wvuld 
typically indicate system "status" lines s ~ c h  as
shaker overtravel, power amplifier overheating. 
or hand-held push button switches held by test 
observers. 
06 RRlS Abort (the rns level has 
exceeded the abort limit) 
07 Line Abort (one or  moro spectrum 
amplitudes have exceeded the 
abort limit) 
08 Loss of input signal 
During the test,  the operator is  informed 
about whet the system is  doing through the Real 
Time Spectrum display and the system front 
panel. The i.sci'loscops display gives a con - 
tinuous h k  ~t the tictual power spectrum 
achieved GL the mntrol accelerometer. The LED 
numeric readout on the system panel shows the 
grms level at the accelerometer. If the operator 
wishes. he can press the TIME button, and mo - 
mentnrily override the grms display and show 
the elapsed time for the tes? . Releasing this 
button again shows the grms ievel. 
Three indicators tell the operator how 
accurately the system is  achieving equalization. 
If the yellow GAIN light i s  on,  the system (includ- 
ing the system power amplifier) needs more 
gain to rzach full test ievel. This light is  active 
during ell startup modes (START and PRETEST) 
as well as in  the TEST mode, to alert the o p e r ~ t o r  
to increase the system gain, either with the contml 
panel OUTPUT GAIN control, o r  with the power 
amplifier gain control. 
The green TOLERASCE light tells the opera- 
tor that the system is not eqx;:ized to within 
the specificntions called out in  the input dialog. 
The red ABORT light sign& :my prematurc 
interruptior, ,f the test. 
During the test,  the vperator may choose 
to store PSD spectra at any time lor plotting at 
the conc~u-ion of the test.  He dses this by pl.esc - 
ing the POST TEST DATA button. The spectrum 
thus stored is tssigned a number which appears 
momentarily in the numeAc indicator. The POST 
TEST rotary switch can t h m  be used a1 the test 
conclusjon to reference and plot these s,>ectra. 
Since the test verification is really the 
"final product'' of any vibration test ,  considerable 
attention has been paid to producing calibrated 
hard copy plots of thc. accelerometer PSD. Since 
the computer ib in control of the system gain 
settrngs *tt all times, the calioration of each plot 
is done automatically , and the operntor is  alerted 
as to thr. iull sca!e value of each plot via the 
numcric indicator on the control panel. 
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expanded upon in this paper. Shock synthesis 
can be performed on either 113, o r  1,'6, octave 
spacing as defined by the operator. A simple 
dialog sequence is  performed by the operator 
to select resolution on eitller a :I J,  o r  1/6, octave 
spacing together with tho number (up to 4) of 
pre-test excitatioil levele to be  used i n  coming 
up to fvll test. The operator selects thz frequency 
and amplitude breakpoints of the desired response 
spectrum profile, o r  individually defines each 
wavelet's amplitude and delay. When the spec- 
trum ~ r o f i l e  approdch i s  used,  the computer 
calculates the least energy required to meet 
the desired spectrum hrnplitudc and automatically 
adjusts each wavelet accordingly. As in the 
Random System, 10 test profiles may be  stored 
and recalled by front panel control selectlnn. 
EXPANSION CAPABILITIES 
S s  Synthesis And Analysis 
E x p a n s i o ~ ~  of the system for shock work on 
shakers i; accomplished by simply substituting 
either the standard Model SD320 o r  SD321.Extended 
Memory Shock Spectrum Analyzer for the Real 
Time And3 zer i n  the Random System and loading 
new software into the PDP-11 Computer. The 
system has three decades of frequency coverage, 
16 to 10.000 Hz. 1 to 1,000 Hz and by using the 
Extended Memory, 0 .1 to 100 Hz for seismic and 
transportation work. Specially designed phase 
equalized aliasing filters are  usec; to preserve 
integrity of the mput transient. A sampling 
rate of four times the upper frequency limit is  
used to permit optimum rolloff and rejection by 
the a l i a s k z  filter. Response data fron. the p c k q e  is  fed 
into the input of the analyzer where analysis 
is performed on 1/3, 1!6 or  1/12 octave basis 
at whatever damping has been selected for the 
test.  Data can be  directly output to &I X-Y plotter 
st this poict . The digitally stored response 
spectra information is automatically fed back 
to the computer where a new output waveform 
series can be gencrated for output to the system 
if desired. 
Block Diagram Figure E il!ustrates the 
simplicity of the interchange of the independent 
analyzers i n  the system. 
Figure 18 shows the Extended Memory 
Shock Spectrum Analyzer mounted i n  I com- 
panion rack for mating with the Random System. 
Analysis 
Sine Testing 
The Shock Spectrum Analyzer consists 
of a digital input memory, an analog section for 
high speed analysis and both digital and analog 
outputs. When not i n  use for closed loop system 
operation, the analyzer can be  used as a stand- 
alone unit. 
Originally, it was inco:lceivablc to S D C  
designers that anyone would use an expensive 
system of t t ~ e  type described above to do sine 
:esting. We already make several relatively 
inexpensive analog sine controllers that ore 
simple ta operate. Lately, we are finding that 
more of our customers are intt restcd in  sine 
control expansion. We have p l w s  to add this 
capability in the future. 
Analysis speed depends upon the amount 
or d a t ~  stored i n  input memory. Functionally, 
data is analyzed at a rate of 4.000 words in  two 
seconds. Primarily for seismic work, the E . iended 
Memory versisn rf the analyzer permits selection 
of up to 40,000 words of data i n  4.000 word incre- 
ments. Maximum analysis time under this con- 
dition would be 20 seconds. 
FINAL SYSTEll PERFORlIANCE SURTVARY 
Frequency Ranges: 
Standard - 2 kHz 
Highest Range - 5 kHz 
Other Ranges - Optional 
The analyzer's performance i n  the system 
provides extremely fast feedback information 
for the computer to permit rapid re-definition 
of an input time history to the vibration shock 
testing system. The transient stored in ~demory 
or the shock response spectrurr may be viewed 
on an oscilloscope. See Figure 18. 
Control Hesoll.tion: 
125, 250. o r  500 filter elements 
Core Requirements: 16k per 125 1ir.e~ 
operation, 24k for 250 and 500 1h . s .  Synthesis 
The Wavelet Amplitude Equalization UVAE) 
technique is  cmplgyea for shock synthesis in  
the system. The technique has been weil des- 
cribed i n  technical literature and will not be 
Dynamic Range: 
Standard Spec. cannot exceed 30 313. 
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Output Drive Spectrum: Greater tha.1 E? 55. 
Equalization Speed 
125 lines - 4.65 semnds 
250 lines - 8.6 seconds 
500 lines - 16.5 seconds 
MLX. Output Level: 20 V peak-to-peak 
Statistical Confidence of PSD estimates: 
Program adjustable -. t 0.8 dB standard. 
Output Waveform: Gaussian Random Noise o r  
Psudeo Random Noise witk Three Sigma peak 
limiting. 
Dialog: Entering a test requires answering ten 
questions - Standard nnc tolerancelabort 
spectra can be entered ru; discrete frequency 
and amplitude points, o r  by ii.;tial and final 
slor .s plus discrete frequency m d  ampli- 
tua ts . Points are  joined together so 
as !< jti'aight lines on a log frequency. 
log amk-itur.e scale. 
Automatic Mode. Brings system up automati- 
cally and proceeds automatically through the 
pretest levels up to full test level. 
Loop Open: S y s t ~ m  continues to output last 
equalized random spectrum. Anal* can 
be used independently i n  Loop Ope.. .,lode. 
Response Records: At any time during test 
o r  pretest operation, a record of the response 
accelerometer can be saved. Three records 
can be  saved in the 16k system. Up to seven 
ri,:ords can be made in the 24k system except 
when usiiig 500-line resolution, ~ n l y  five can 
be  saved. 
Limit Checks and Aborts: Standird spectrum 
is compared with the response spectrum; ;i.m 
the profile tolerance comparison i s  done on a 
r e l ~ t i v e  "shape" basis.  Abort levels are  
checked on an "ahsolute level" basis.  No inplr. 
s ignd,or  loss of input signal is an abort check. 
Software: System comes loaded with FOC,'.T ' 
interpreter and all software requirecl for 
Random Contra: Diagnos:ic software i s  also 
supplied. 
By oeginni;,g with specific guidelines 
for a system configuration, tho evolution of a 
simple- to-operate automatic. cuntr~ol qystert: 1% ; th 
built-in safety protectivn has been shown. Sam- 
ple software routines have been gver .  to  how 
the c w -  with which test routines call Le c:;tab- 
lished and modified. By using the Rasl T ine  
Analyzer for b a s i ~  PSD computation, not only has 
test visibility been greatly increased, but anal!: - 
sis  flexibility has bean increased through over- 
lapped processing, and system costs kept to a 
minimum using proven, off-the-shelf hardware. 
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TECH?*'tQV ES FOR NARRMI'B9ND RASDOM OR SCU'E OX 
W!DEB4ND RANDOM VmRATIOK TT'STING WITH A 
DIGITAL CONTROL STST EM 
N i c h e 1  K. Cauffer 
Time/Dah Corpontion 
Palo Alto. California 
R u m  Six?, aud Shoek vibratiuo control a d  testing progmms were plr\-icrisly 
implemented in  Digital Cootrol Systems u s i 4  the same  bnsic hardware. 70 take 
hill a d c u t a g e  oi this existing digital control banha-e, new pngr;ims 're being 
&*loped for testing other environment?; o-%: -3 h . 7 ~  been limited to a .og brd- 
\nre. Two of these programs now available are 'Srept !Uarr;lFbaad on  Broad- 
band Rzmlom Vibmtion Contml" md 'Swept Sine oa Random Q b a t i o n  Control". 
.-\lthou&. these programs use  the s a m e  h a h a r e  as the basic Digital Control 
S--terns, the i r  u J q u e  eilsfronments w i r e d  special techniques to a c h i e t ~  the 
tes t  cri teria TI-.e twta iques  fo r  implementing these new programs are de- 
ccribed here  in b~.* m w .  
h r t  1 of this FC e r  describes a digital narrmband on 
broadbard randon; 1.;). -ation control sys'min. The sys-.' 
tern i . . ~  been tmplt..nrnted by modifycry a standard 
digital v ibnt ion control system such that the refer- 
ence spectrum i s  the superposition of 3 s ts t ic  broad- 
band ~ p e c t n u n  and a sweeping m r r m t a n d  spectrum. 
Depending upon test  philosoph~ , s u p e r p s i  t f n n  i s  de- 
fined in a t  least  two w;-~: 
1. The sum of the narrnw a d  broad spectrum 
7mplitudes a t  each frcquencr. 
2. The maximum amplitude of the m m  o r  woad- 
band s p e c  ': l m  (th3t is, whichever i s  yreater) 
a t  each :requency. 
In the case  of s u m ~ r i u g  the two .pectrums, oven11 
GrtblS l e w l  i s  co lubn t  a s  the nnrrowbnd spectrum 
sweeps. For the case of controlling to the maximum, 
the GRSP -eve1 varies a s  the n a x o w b n d  spectrum 
sweeps. : ontrolling to the s r x  i s  obviously a more  
severe  test  thai. controlling to the maximum. The 
system described here  allows for control to either 
me sum o r  the maximum of the narrowb?ld and broad- 
band refereuce spectrums. 
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The c o n e  syst.etdL shown in Fig. 1, i s  b ~ i l t  around 
a s b & r d  m i n i c o m ~ t e r  a m  e LW kHz data acquisi- 
tion system that serve s the heart  of a family uf sig- 
nal a d y s ~ s  3ni shock 2nd ribration products (1-5). 
The hardware coaf1gurati-a is identical to that of a 
standard d o m  ribration control s ..:m as show' 
in  Fig, 2. P i a m b a d  on hrxdban :)ration cok. 
t ro l  is obtained by executing the appropriate softwar$- - 
in the minicomplter. .A single outplt c h m e d  of 
shaped random Gaussiun noise is genented lo drive 
a sh&c.:- syswni, and a siagle channel i s  san:pled and 
controlled. 
Opeldtor intemction with the system occurs in t a o  
w2ys. :\ switch c o ~ t r o l  panel, shown in Fig. 3, i s  
used to select system functions and to execute controi 
commands, while an  alphanumeric keybmnl  i s  ased 
w enter test p n m e t e r s .  
.A functional block c;iagnm of the control s t n t e g ,  i s  
shown ir. Fig. 4. Fhsically. the system attempt5 to 
control the amplitude of .I dosignat4  control signal 
to match the amplitude of an  opentsr-specified swept 
narrowband on broadband reference spectrum by cop.- 
tinuously adjusting the random noise drive signal a t  
each frequency. This drive adjustment compensates 
for nulls resonances in the shaker system trans- 
f e r  function. The co~:trol  strategv is  identical to that 
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PART Ii. WCilT.4L W E I T  SmE ON 
RANDOM VIBRATION CONTROL 
SYSTEM 
INTRODC'CTTOX T O  PART II 
A- - 
Fart I1 of this paper explores s c  .-era1 t p c h n i q . 3  for  
the implementatinn of a digital swept s ine  on r a d O m  
vibration control system. These  teehniqws differ 
primarily in tk cost-performance hadeoffs associ- 
ated with the sine frequency generation method and 
the s ine  control strategy. Discussion begtns wilu the 
least expensive and lowest performance mehod  and 
proceeds through the i n c r e a s i a y  expensive and high- 
er performance methods. The l i s i ta t ions  and reasons 
foi t!!e limitations of each metbod are also  discussed. 
NOTES- 
This  methocr is the least expensive in t e rms  of add-on 
hard%are to the basic s p t e m  hrdaare required for 
3 flexible v ibnt ion control s rs tem.  The hnrdu-are 
conf ign t ion .  shown in Fig. 1, i s  that of a standard 
vibnt ion control system (1-3). 
Fiz. 5 .  X:~rl~~nv\x~rni on Rrtwitrtntl Flow "hnn 
1tf 5\wcp Frc.:, .<.nc\ ('id:tting The block diagram in Fig. octlines thc basic control 
strategy. An ?.-timate of the shaker  system t ransfer  
function is  o b t a i d  from the i.rput and outplt p w c r  
spectral  densities using the method described by 
 ori in(^). Tnis transfer lincticn estimate i s  used in 
the n n d o m  cmh-01 algorithm exactlv xs explained b ~ -  
 ori in(^). The srne control algoiithm uses this s ame  
tmnsfer  function estimate in a s imi lar  manner, but 
it i s  otherwise independent of the random control 
s tr.1teg.y. 
h m m e t e r s  of a typical swept m r m t x i n d  on broad- 
kmd nndom vjbntion control test  n re  s h m  in 
Fig. 6. Saw thzt spccificatron of the narrowband 
spectrunr i s  s imi lar  to brcachnd q-xt rum setup 
with the exception of a h r m  limits. Sote a lso  the 
sup~rposi t ion option of S U M  o r  ILAS and the LOG/ 
LISE.\R sweep and F; fL\L DIT< FCTIOS options 
u d e r  SWEEP P.\R.\MFTERS. 
:\n estimate of the s ine  control rx!ae i s  obtained a s  
follows - 
S E E  COhTROL - H(fs) - SISE DRR-E 
Displays of thc conlh~ned reference spectrum :.' v:lr- 
ious times thlarghout n test arr: shown tn Fig. 5 .  
The control spectrum fo!lws this reference spectrum 
r.tther c:ose.! clurtng the test. I?ow closel-. depends 
on the s p c t r u m  sh?y-s and the sweep ntr. 
where SISE D R K E  -3s the amplitude of the s ine  
drive output while H(fs), the transfer function esti-  
mate a t  the sine frequency, w.1~ cnlculated. 
The she control estimate is  , w m p ~ r ~  to 3 s ine  ref- 
erence value which remains constant in amplitude but 
m r i e s  in f rquctwy according to the ty;,e and n t c  of 
sweep. The e r r o r  hetween the ccctrol and n f r r e n c t  
indicates how to update thc zinc drive value to com- 
pensate for the shaker t r a d e r  function. 
I h r t  I of this pnper discussed one implement?tion of n 
di~it.nl swept nnrrowhmd on hroxdband rnndom vib- 
ration control system. IJy utilizing thr s ame  hard- 
ware ns a se r i e s  of othc-r basic vibntion testing pro- 
p u n s  (random, shock, sine), this software is  a 
flexible td economic supplement to the basic c a p -  
hilitics of tlie testing Inborntory. 
This technique h:ts the ad\-cntag, that no Inndpiss  
fi l ter is  required to e s t n c t  the s inc  enern from the 
s inc  plus random control signal. The reason for this 
is that the sine control is  cnlculated from the product 
of the known s i ~ c  drive nnd the t r m s f e r  function esti- 
mate. fkcnuse of the way it i s  calrt~lnted, the trans- 
fer  function estimate i s  the snmc L .  # the: ( r ;!or a 
--. 
NOTE: Frequencies were automatidly ad- 
-jus'kd by program to an integral 
multiplc of the trequcncy increment. 
&TLQ PARAE:ETWS ImYES + t r ( i :  B 
- 
I TEST LC: PA?&!S 
2 HEADING: TEST I 
19  LClUER SLEEP L I E I T *  HL -: 430 -3  
22 UPPEP SKEET' L1l:ITr HZ.: 15CC. 
2 1  LOV LFJEL, -G9: -23-CJ 
22 iE'JEL II.CREt-:Eli?* EL: 2.3G3 
2 3  START--? T I E E  Sic: - 5 2 5 1  
24 SHUT-DbUIi T I B E  S E C :  - 9 3 7 7  
25 TEZT TIIIE i!RS, t:IIlr S E C :  8,483 
26 CbliTROL CHAIJZJELS: I 
2 7  ACCEL S E L S  E:V/G: IC-OC 
28 DRIVE C L l P P I t L  l=YES,B=tJG: 3 
29 AEGRT LEVEL G P l i S :  68-00 
35 ALARli L I b E S :  l r 3 r 5  
3 1  ABORT L I  b E S :  1 4 . 1 6  
URGAD GX:S : 2 7 . 4 3  
Fig. 6. Listing of Setup h r a m e t e r s  for Sarrmh.md on Broadband 
sine i s  ztqrrimjmsed on the n n d o m  signal. This, of 
course. also  mear s  that the s ine  energy does not af- 
fect Cre nndom control signal since i t  i s  ralculated 
in ;I s imi lar  manner. 
b Method I the sine drive amplitude i s  adjusted on 
frequency data stored a s  a buffer of discrete,  evenly 
sWced s ine  frequencies. The number of discrete 
sine frequencies is  equal to the number of s;lectml 
lines in thc rand on^ spectrum. The frequency differ- 
ence, .'. f ,  bctwecn ntlj:trent sines is: 
A f - random spectrum handwidth 
resolution (numbcr of spectral  lines) 
The iuversc Fourier tr;msform of this sine amplitude 
buffer 1s c~ lcu la t ed  to generate a buffer of time do- 
main d a h  representing the actu:ll sinusoidal t ime 
wa-.eforrn. This buffer i s  added to the random dat? 
imffer, and the sum is output through the digitnl-to- 
analog converter. 
Sweep timing i s  obtained from end-of-frame interrupts 
generated by the data acquisition and ourrut hardware. 
Given the desired sweep rate,  the sampling mte, and 
thc number of s an~p les  pcr fr:mw. a frequencv change 
Michael K. Stauffer 
Several Cycles \ \We 
Sweepi* y to the Right 
I e* 
0 HZ 288 
LREllR 
TEST I 
Several Cycles \Vhile 
Sweeping to the Left 
f-- -- 
Fig. 7. Swept Narrowband on Broadband Reference Spectre 
per interrupt is calculated. This frequency change is 
positive for increasing frequency sweeps and negative 
for decreasing frequerrcy sweeps. The sign of this 
frequency chmge is complemented each time a sweep 
limit is reached. 'The flow chart in Fig. 9 shows 
how the swecp operates. 
tnterrupts a r c  accumulated in n counter variable. 
Once each loop time a frequency accumulntor for each 
sine is uplated by a value equal to the number of inter- 
rupts times the frequency change per interrupt. The 
number-of-interrupts counter is  then set  to zcro. 
Next a frequency index variably for each sine is cal- 
Michael K. Stauffer 
H = Y Buffn P o w  Spectral Denstty lPU)I 
7 X Buffer Power Spectral Denstry E i D I  
Inverve Fowler Compensate 
- T~amform of - sllw - SAW Contro! - , 
S1.n Buffer Drve H ' S~oc Drone 
i A 
Fig. a. Swept Sine on Random B s i c  Control Strategy Rlock Diagram 
cula ; ed from: 
FR EQUENCV ACCL'MVWTOR 
I ItEQ INDEX = FREQLrENCY CHANGE PER 
SPECTRAL LINE (Af) 
rhis index is the new sine frequency fit may be un- 
anged). 
When full test level is reached, the sine waves sweep 
synchronously up o r  down at a user-programmed rate 
(linear o r  logarithmic) until a limit frequency is 
reached by one of the sine waves. The sine waves 
then reverse direction, sweeping a t  the same rate 
until the opposite limit frequency is  reached by one of 
the sine waves. The sine waves again reverse direc- 
tion and continue sweeping back and forth in this man- 
ner until test time expires. 
Method I has some fundamental limitations on the 
basic sine resolution and the sweep resolution, As 
mentioned previously, the fundamental sine reeolution 
is  limited to b f  a s  calculated above because the time 
domain sine waveform is  generated by an inverse 
Fourier transform. Also, since the sweeping sine 
frequencies a r e  updated once each loop time, the 
sweep resolution (increment) is limited by the sweep 
rate and Af @amhvidth/resolution). The relationship 
is: 
BUSl?dCM SVEEP RATE FOR A SINE 
RESOLVTION OF A f  = bf LOOP TINE 
Interrupt 
CNT - CNT + 1 n 
CNT -- 0 0 , LqQn , 
Ube F Change Use F Change 
to Update Sme to Uvddte Sme 
Frequenc~es Frequencoes 
NOTES 
CNT - Interrupt Counter 
AF a Freque:icv Change 11 Needed 
per In:crruci 
Interrupt 
Fig. !J. Swcpl Sine on  llnndom 1:iow Clwrt of 
Sweep Frcqucncy Updating 
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If ilf i s  16 Hz and the loop time is two seconds, then 
the mmimum accurate sweep rate = 16 Hz/2 sec = 
8 H d s e c .  That is, the s ines  will increment by one 
spectral line (16 Hz) each loop time. ff a sweep rate 
of 32 Hz/sec were  specilied with a loop time of two 
seconds, the d iscre te  sine frequencies would s tep  in 
64 112 increments. Thus, the program provides bet- 
ter swept s ine  resolution a t  lower sweep rates.  
The sine frequency is  not uflatrvt more  oRen thrtn 
once per loop time because of the i.wocessing time re- 
quired to perform the inverse Fourier transform. 
HOW TO Ihl PROVE SME RESOLUTION 
At leasr two different s ine  generation merimis can be  
used to obtain better sine frequency resolution; a soft- 
ware  sine table loolap o r  a hardware s ine  synthesizer 
(Method II and Method 1II. respectively). 
METHOD 11 
To obtain finer s ine  resolution without additional Card- 
ware, the s ine  values can be b ~ n e r a t e d  by a table 
look-up procedure. as i s  done in some hardware dig- 
itcll sine s ~ n t h e s i z e r s ( ~ ) .  .-\~nplitude control i s  ac- 
complished bl- m:lltip~ication of each s ine  point by the 
amplitude factor produced by 3 control s t n t e g y  sim- 
i lar  to thqt used in Method I. Sine mlues  obtained 
from the look-up table a r e  multiplied by the amplitude 
f:~ctor and added directly to the b p e r e d  random output 
buffer. This sun1 buffer i s  then output through the 
di9bl-to-amlog converter. The sine generation pro- 
cedure i s  cont inu~us  and oblivious to output buffer 
boundaries. Figure 10 shows how this procedure 
works. 
In addition to having increased resolution, this tech- 
nique doeJ not require ar. in\.crsc Folr-:c'r t:?lnsfor.;l. 
Iiowevcr, a multiplication is required for each output 
p i n t .  The nunher  of multi~d,c:ttionr, increases with 
the number of sincs,  thus pl.cing l ~ m i b t i o n s  on band- 
~vitlth (bandwidth is  related tc I:ow fast  points can be 
output). 
Control strategies for random and sine can 5e the 
same a s  in Method I, o r  modified a s  explained below. 
Bandwidth l imitsti t~ns imposed by Method I1 can be 
1 , .  .:rconlc by adding a hnrdw:wc sine synthesizer to 
the system descrihcd in Method I. Figure 11 is  a 
block diagram of a single sine system of this type. 
It i s  dcsirnble to use strntcgics sim;l;ir to the above 
rnl>thds for r:lntlorn and sine control. Ilowever, 
NOTES. 
A = Inverse Fcur~er Transform (IFTI Generation 
B = Table Lookup 
B has twce the resolut~on of A and can get even better resolutton 
Fig. 10. Table-Lookup Buffer Overlap 
since the sine is  superimposed on the random in  the 
analog domain, no digital informatiw \ ~ i s t s  fo r  this 
sum which is  the input to the shaker s ~ s t e m .  There- 
fore, a second analog-to-digital conversion channel 
can be used to sample this analog sum simultaneoml:; 
with the outplt of the shaker  system. TLis sampled 
d a h  i s  equimient tr, the digital sum of the s .le and 
random d a b  o u t p t  through the digital-to-analog con- 
ver ter  in Method I. 
Therefore, the techmques discussed in XIethod I can 
be applied to control the s ine  and random signals. -4 
s ine  synthesizer is  required for each sine to be gcn- 
ernted and controlled. 
CONTROL STRATEGIES AND S\VE E P  Rl33LCTIOPI 
I?tIPROVEhIENT 
The finei s ine  resolution of Methods 11 and 111 may 
necess i tak  changes i c  the sine control strategy. 
Sine control can be accomplished by se,.erdl tech- 
niques. One method is  to use the t ransfer  iunction 
estimate calculated for random control to generate a 
control estimate a s  in !Jethod I. This control esti- 
mate i s  then comkured to the s ine  r e f e r e n u ,  and the 
s ine  drive i s  compensated accordingly through adjust- 
ment of the sinc amplitude n~ultiplier.  As  mentioned 
before, the ad\-mbge ot this is  that no tracking filter 
i s  required to extract the sine information. The dis- 
a d m n h g e  i s  that the transfer function estimate has 
much coarser  frequency reso1u:ion than the actual 
sine. Thus, narrow resonances and nulls may not be 
discriminated very accurately. 
Another-method of control uses a trackillg fi l ter t9 
extract the sine amplitude and phase information. 
This method is  explained in greater  detail by 
~ o r i d  7) .  
Now that hvo options fur ~mproving the 1):tsic s inc  
resolution and two basic control strxtegics have heen 
presented, several methods for improving the sweep 
rrsolution will he discussed. Considcr thr sinc con- 
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Amlcruneter 
Amplifier - 
Channel A (Xannd B 
(See ~ o t e f l  I - - - - - - -  1 I 1 
. Sine 
Compenra~r 1 
Slne - Sme Control = H 
I Synthesizer Amplitude H . Sme Drive (See Note 1) - I I - 
Inverse Four~er Random 
Random Transform C Control = Compensate 
Converter of Random Handcm H - Random 
Drtve Drtve Drive 
NOTES: 
1 .  H = Y Buffer Power Spectral Density (PSD) 
X Buffer Power Spectral Dens~ty (PSD) 
2. Broken ltnes mdlcate operattons whlch could 
be performed by 2 parallel mtcroprocessor. 
Fig. 11. Swept Sine on Random with Hardware Sine Synthesizer Block Disgcam 
trol strategy using the transfer function estimate 
techique.  If the s ine  frequency is only updated once 
per  random loop time (e. g., when the transfer iunc- 
tion estimate has been updated), then the same  sweep 
resolution exists a s  in Method I. 
It i s  desirable to update the s ine  frequency a s  often 
a s  possible. Once every interrupt i s  the maximum 
rate. L'pdating the frequency a t  this ra te  is  not dif- 
ficult. The problem lies in the control strategy, 
whose cslculations can take considerable time and. 
thus, increase the overall loop time. Several s t ra t ,  
gies can be used: 
The control is  updated each time the frequency 
is  updated. This increases overall loop time 
and limits bandwidth, bct i t  provides the best 
control p s s i b l e  with the most recent transfer 
Function estimate. Note that the t r a s f e r  func- 
tion estimnte is updated only once per  loop rime. 
Control update occurs less frequently than fre- 
queacy update. In effect, the s ine  s w e ~ p s  part 
c ~ i  the t i n e  withotit being tightly controlled. 
Thus, the sine control is not :IS good. but more 
time is  available for random control which is  
consequently better. For exnmnle, the control 
could be ulxlated once per loop time, but the fr?- 
quencv updated once per interrupt. 
A n i h  of 1 and 2 is to "look ahead" a t  the trans- 
fer  function whcre the sine w 11 be sweeping to 
determine what so r t  of compensation will be re-  
quired. If the t l m d e r  function is  relatively flat, 
s ine  control can be done less  frequently than if 
the transfer functicn contains resol, mces  and/or 
nulls. 
I'ERFORXANCE EXTENSIONS LShrG P.ARAI,LEL 
PROCESSORS 
Since much of the sine control computation i s  inde- 
pendent of the random control computatiou, these two 
control calculations can proceed in parallel. The 
wid(* variety of low-cost microprocessors available 
makes multiprocessor sys tems econo~n~cal ly  viable. 
The sine control computations can be implemented 
\vith one o r  more microprocessors. 
For  example, consider the block diagram of Fig. 11. 
The pm-allel microprocessor would perforn~ !he pro- 
cessing functions enclosed by the dotted line. It 
would interrupt the main processor to get thc. trans- 
f e r  function, complte the control signal, compensate 
the drive, and update the sine synthesizer amplitude. 
This n~icroprocessor  would also update the sine syn- 
thesizer frequency using a real-time clock as a time 
reference. Mcmory requirements for the parallel 
processor would Ile minim.11. One cstrn ~mral le l  pro- 
cessor  should he :~hle  to hnndle four s ine  synthesi7- 
e r s  efficiently. 
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IMPLEMENTATION OF METHOD I - .  Another variation on Yls approach is  to bave the - 
microprocessor generate the sine from a lodrup 
table as  well as c o m p t e  the control algorithm. This 
sine data could be transferred to the main pro-wsor 
and added to the random data before output to the 
DAC, o r  the sine data could be output thmugh a sep 
arate DAC and summed with the random data in the 
analog domain. Reasonable performance might be 
possible with a single niicroprocessor generathg and 
controlling four sines. 
The techniques described in Method I have been imple- 
mented into a working digital swept sine on brohdhrznd 
random vibration control system. A typical setup 
procedure is shown in Fig. 12, and results of a test 
with four swept sines a r e  shown in Fig. 13. This 
implementation has all  the features and limitations 
described Sn Method I. 
Use of a parallel processor makes control strategy 
number me viable. Since no random processfng need 
be done, sine frequencq update, control, and outwt 
a r e  the only hurctionr in the loop. This promises to 
provide the best control for reasonably fast, high- 
resolution sweep rates. The sweep resolution iq 
limited by the sine control loop time. This time ;s 
greater if the microprocessor also generates the 
Various technfques for implementing digital sweet 
sine on broadband random vibration control systems 
have been presented. Several sine generation methods 
and sine con tn l  strategies have been proposed with 
indications of the expected relative cost-performance 
aspects of each. In particular, the use of parallel 
processors to improve system performance was dis- 
cussed. Feasibility of a digital swept sine on random 
vibration control system has been demonstrated by 
an actual implementation. 
sine waveform a s  opposed to simply controlling a 
hardware sine s-mthesizer. Control strategies two 
and three can also be used i F  even faster sweep rates 
a r e  desired. Note again that the transfer function 
estimate used in the sine control strategy is  updated 
only once per random loop time. 
1 T E S T  I D :  S R 3 1  R C T  11 S I N E .  FREQUENCYrNZ:  l0Y8. 
S I H E  R E F E A a C E  L E V R r  G ' S :  18-88 
2 H G l D I N G t  R E C E I V I N G  C H r C K O U l  T E S T  
3 BANDWIDTH: 28480 1 2  S I N E  F R E Q U E N C Y l H Z r  1588. 
S I N E  R E F E R E N C E  LFXEL* G'S: 5.888 
4 R E S O L U T I O N  64/128/25W512: 128-8 
FREOUENCY I N C R E M M T :  16e88 
R E F E R r n C  E S P E C T R W t  
5 I N I T I A L  S L O P L  DB/OCT: 12.88 
ALARM L I M I T  DB 8 6.!388 
13 S L E E P  PARAMETERS: 
M O D L  : = L O G r B = L I N t  8 
R A T L  H . ? / S Z t  3.8d8 
I N I T I A L  DIROCTIOIY I - U P ~ 8 - D O V N :  1 
6 F R m U N C Y  HZ. 8 1 6 . 8 8  
L E V E L  GSQR/HZ-  1 I -888 
ALARM L I M I T  00'1 6.888 
7 m E O U E N C Y  HZ.: 2888. 
L E v a  GSQRIHZ. : I. ma 
ALARM L I M I T  DB t 6.888 
16 L O U  L&V.VLb - D S r  -28.09 
17 L w a  I N C R M E N T ~  D B ~  2.888 
18 S T A R T - U P  T I M E  S a t  1.875 
19 SHUT-DOVM t r n &  sm;: .9377 
28 T E S T  T I U L  H R S r  M I N a  S O C t  8 r 4 r 8  
E l  CONTROL 'SHANNELSt  1 
22 A C C I L  S c N S  H V / G t  18088 
23 D R I V E  J L I P P I N J  I = Y L ! S r B = N O t  0 
24 ABORT L E V E L  GRUS: 68-88 
25 A L A R l  L I N E S :  
26 ABORT L I N E S :  
8 F I N A L  S L O P &  D W O C T t  -98*88 
RANDOM GUMS: 45.81 
9 S I N E  FREOUENCY,HZ: 580-8 
SINE.  R E F E R P l C E  LEVEL* G I S :  5.888 
N Z :  Frequencies were automatically ad- 
18 S I N E  F R L Q U E N C Y r H Z t  888.0 justeti 5y program to an integral 
S I N E  R E F E R D J C E  L E V E L 8  G ' S :  1 . 8 8 8  multipte of the frequency increment. 
Fig. 12. Listing of S e u ~  Parameters for Sine on Random 
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Fig. 13. Test Results with Four Swept Sines 
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A REVIEW OF 
ENVIRONMENTAL TEST INNOVATIONS 
PERMITTED BY DIGITAL CONTROL SYSTEMS 
- 
W. Brian Keegan 
NASA-Goddard Space Flight Center 
Greenbelt, MaqAand 
This paper reviews the ifinovations of digital control 
systems from the perspectiee of one who establishes 
enviro~~enta' t e s ~  requTrements for aerospace hardware 
to the d y n a ~ ~ c  environments-of vibration and mechanical 
shock. It .eviews the.-+&pe of options that- specifica- 
tions might permit in those laboratories that possess 
digital control cyst-. The jhnovative tests menfioi~ed 
consider only the capability of digitaLcontr01 systems 
and are not presented as formally approved chaqges to 
recommended test philosophy. They are intended simply 
to highlight the kinds of tests that, in the future, 
mig" be considered to constitute acceptable portions of 
the environmental test sequence of aerosp?ce hardware. 
Each of the environments of sinusoidal vibration, random 
vibration, and mechanical shock are addressed separately. 
In each area, potentially innovative test methods are 
discussed. The paper concludes with a warning to qvoid 
the temptation to perform unnecessarily complex environ- 
mental tests simply tecause the capabilities of digital 
control permit them to be run. 
INTRODUCTION 
With the advent of digital control 
systems for performing envirolmental 
tests, sim:lation techniques previously 
inpossible or at best tediously diffi- 
cult with analog control systems have 
been made far mar- straightforward. 
Digital sl,sb-ms thus facilitate the 
use of more accurate simulation methods, 
enhancing the realism of tPa environ- 
mmts to which hardware i~ subjected 
prior to acceptance for service. This 
paper views the advantages of using 
digital control not from the perspec- 
tive of the test equipment designer 
or operator, but rather from that of 
an envirormentalist responsible for 
establishing test criteria for aero- 
space equipment which must survive the 
rigors of vibration, acoustic noise, 
and mechanical shock uFon initiation of 
its service life. Simultaneously, it 
views the audience as being astutely 
aware of environmental facility design 
and operational capabilities, but not 
necessarily well grounded in environ- 
mental test philosopl~~ for aerospace 
equipment. 
When originally invited to >resent 
this paper, the suggested topic ras 
"Test Specification Changes Required 
for Environmental Test Implementation 
Using Digital Test Systems." Upon 
consideration of the kind of matecia1 
that could be presented, however, the 
word "required" seemed to be unneces- 
sarily restrictive, thus sparking the 
change to the current title. In fact, 
no changes are necessita~ed by the 
change to digital control systems with 
the exception of some minor ones to 
test tolerances, as vill be discussed 
later in this paper. Since analog 
control systems pre-existed digital 
ones by several years, the original 
design of digital systems of neqessity 
had to,possess all the capabilities of 
analog systems and then some in order 
to make them marketable itens. Addi- 
tionally, from the standpoint of 
maictaining specifications that are 
universally applicable to all 
- - 
environmental  test l a b o r a t o r i e s ,  it - - 
w i l l  be  necessa ry  f o r  some t i m e  -ti4 
come t o  cons ide r  t h&e  labs- t .hat s t i l l  
u t i l i z e  analog c o n t r o l  systems.  Most 
tests on ae rospace  hardwzre are com- 
ponent l e v e l  tssts wkich a r e  o f t e n  
performed by s m a l l e r  l a b s  t h a t  can  
l o g i c a l l y  be expected t o  be  ammg t h e  
l a t t e r  companies purahas:'ng d i g i t a l  
c o n t r o l  systems. 
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h t l k i n q  t h i s  paper was viewed more 
, a s  an  ap-mr+*:i~ity t o  d e s c r i b e  how one 
n i g h t  t a k e  &vantage o f . t h e  i n c r a a s z d  
c a p a b i l i t i e s  o f f e r e d  by d i g i t a l  con- 
t r o l  equipment. Thus t h e  paper  re- 
views t h e  t y p e  o f  o p t i o n s  t h a t  miqht  
Je pe rmi t t ed  f o r  t h o s e  l a b o r a t o r i e s  
t h a t  posses s  d i g i t a l  c o n t r o l  ays tsms 
i n  o r d e r  t o  perform more r e a l i s t i c  
;;h.:lations o f  t h e  environments of  
s i n u s o i d a l  and random v i b r a t i o n  and 
mechanical  shock. For each o f  t h e s e  
t h r e e  e r e a s  t h e  problems t h a t  may be  
encouilt.cred wi th  e x i s t i x q  test  t o l e r -  
ances  broughC about  by t h e  change t o  
d i g i t a l  c m t r o l  w i l l  b e  d i scussed .  
A d d i t i o n a l l y ,  t h e  inc reased  test 
cox?lexiky f a c i l i t a t e d  by, a s  w e l l  a s  
t h e  i m o v a t i v ?  t y p ~ s o f  tests o e m i t t e d  
by d i g i t a l  systems,  w i l l  be  reviewed. 
As such,  t h e  ensuing clisc:aasions a r e  
in tended t o  h i g h l i g h t  t h e  k i n t ? s  of 
tests t h a t  might .;.n t h e  f u t u r e  c m -  
s t i t u t e  acceptable p o r t i o n s  of t h e  
en\  i romnenta l  test s e q u x c e  of aero-  
space  hardware, 
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A s  i ,nplied i n  t h e  pi-eviolis s e c t i o n ,  
i t  i s  n o t  the purposc o f  t h i s  .# .  ?e r  t o  
a d d r e s s  thc p o b l e m  of whether ,. . nu- 
s o i d a l  v i b r s k i o n  t e s t i n g  s h o ~ l d  be 
performed. ! lather,  it sta;;,; *I: t h  t h e  
ground r u l e  t h a t  s i ~ e  t e s t i n g  must be  
performed and c m s i d e r s  how it might 
be  done b e t t e r  u s i ag  d i q i t 3 l  contzo; . 
equipn.>nt .  
F i r s t ,  cons ide r  a t y p i c a l  s lnu -  
so id21 test p r o f i l e  such a s  t h e  one 
i l l u s t r a t e d  by t h e  s o l i d  l i n e  i r .  F igu re  
1, -h ich  has  been e x t r a i  - td £lorn the  
NASA- Goddard t e s t  spec i  -. . a t i o n  f u r  
spac x r a f  L. Such a  & :- s r i  ,e of c o ~ ~ s t a n t  
acc  i x a r l o n  segme~rts: a  s i :~ \p l  i? 'ic 
env, l ope  of t h e  i l l u s t ,  ,?;ed f l i g h t  
d a t a  t h a t  has  been analyzed by e i t h e r  
narrok-bani a n a l y s i a  c ,  shock r e sponse  
spectrum "ecmiques .  i? almost  a l l  
i n s t a n c e s  such f l i g h t  a a t a  c m l d  have 
been more c l o s e l y  enveloped had capa- 
b i l i t y  e x i s t e d  i n  tho  -.est equipment 
t o  o s s i l y  run  non-conr~tant  a c c e l e r a t i o n  
ve r sus  frequency p r o e ' l e s .  I t  i 3  known 
t h a t  c a p a b i l i t y  has  1 . q  e x i s t e d  i n  
analoq systems f o r  c a l . t r o l l i n g  a t  t h e  
f i x e d  positive s l o p e  v a l u e s  o f  +3  d a  
p e r  o c t a v e  and t6 dB p e r  o c t a v e  by 
c o n t r o l l i n g  r e s p e c t i v e l y  t o  c o n s t a n t  
v e l o c i t y  o r  c u n s t a n t  d i sp l azemen t  b u t  
t h e s e  a r c  l i m i t e d  i n  freque-,cy s ince .  
t h e  once  or t w i c e  d i f f e r ~ n t i a t e d  
acce le ra tCon  feedback s i g n a l  r a p i d l y  
becomes too s m a l l  t~ a c c u r a t e l y  con- 
t 01. Moreover, it i s  known t h a t  
ana log  cu rve  f o l l o w e r s  e x i s t  t h a t  per -  
m i t  test p r o f i l e s  t o  c o n t a i n  dny 
a c c e l e r a t i o n  s l o p e  v a l u e  a t  any f r e -  
quency. These,  however, a r e  bulky 
p e r i p h e r a l  u n i t s  t h a t  a r e  time consum- 
i n g  and t e d i o u s  t o  set up and use .  
D i g i t a l  sys tems on t h e  o t h e r  band 
a r e  programmed such t h a t  t h e  a c c e l e r a -  
t i o n  v e r s u s  f r equency  p r o f i l e  c a n  be 
subdivi9ed i n t o  any r e a s o n a b l e  number 
o f  s t r a i g h t - l i n e  segments simfily by 
s p e c i f y i n g  t h e  b reakpo in t s .  T!.is 
d r a s t i c a l l y  s i m p l i f i e s  t h e  p r o c e s s  c f  
running s i n u s o i d a l  tests whose p r o f i l e s  
a r e  f a r  more r e a l i s t i c  su* a s  t h a t  
env i s ioned  by t h e  heavy dashed l i n e  
i n  F igu re  1. 
There do  e x i s t  t i m e s  when a  s t e p  
chanse  i n  a c c e l e r a t i o n  i s  t h e  l e s i r e d  
way t o  d e f i n e  2 r i n u s o i d s l  test spe- 
c i f ica t - ior . .  One example of such an  ,- 
i n s t a n c e  would be t h e  s in lu l a t ion  o f  
t h e  Pogo e v e n t  o f  t h e  De l t a  Launch 
Vehic le .  Pogo, b r i e f l y  d e s c r i b e d ,  is 
an  o s c i l l a t i o n  of t h e  launch.ve.hicle 
and payload a t  i ts f i r + =  l ~ n q ~ u d i ~ ~ i l ,  
" a c c x d i a n "  , r e sonau t  wcdc t h a t  i s  
induced nea r  t h e  end o f , f i r s t - s r a g e  
burn by coupl ing  between t h e  l a u ~ c h  
v e h i c l e  primary s t r u c t u r e  s l d  p r e s s u r e  
o s c i l ? a t i o n s  i n  t h e  p r o p e l l a n t  f e e d  
l i i ? e .  The ampl i tude  of t h i s  o s c i l l a -  
t ~ o n  has  k e n  measured on enough 
E l l g h t s  t h a t  it is  amenable t c  s t a t i s -  
t i c 2 1  a n a l y s i s .  The f requency of 
oc.-urrence i s  p r e d i c t a b l e  t o  w i t h i n  a  -' 
frecjae .cy band equa l  t o  t h e  ?hange i n  
t h e  f i r s t  mode f requency o v e r  a  few 
seconds f l i g h t  t F m e .  A s  a  r e s u l t ,  
t h e r e  e x i s t s  a  narrow f requency band 
ove r  which a  r e l a t i v e l y  h igh s i n u s 6 i d a l  
a c c e l e r a t i o n  test  l e v e l  i s  requ i rdd .  
A t  f r e q u e n c i e s  o u t s i d e  t h i s  band, t h e  
f l i g h t  d a t a  snows s i g n i f i c a n t l y  lower 
l e v e l s  and t h e  d a t a  envelope  i s  gener-  
a t e d  by e v e n t s  t h a t  occu r  a t  o t t x  
f l i g h t  t i n e s .  Thus, a  s t e p  i n c r e a s e  
and a s t e p  d e c r e a s e ,  a s  i l l u s t r a t e d  i n  
t h e  lower frequent; p o r t i o n  o f  r i r jure 
1, a r e  a  d e s i r e ?  p o r t i o n  of t h e  test  
p r o t i l e .  
In  such i n s t a n c e s ,  d i g i t a l  c o n t r o l  
s y s t m s  may no t  be a b l e  t o  complete 
t h e  step change accelerzL. ion  w i t h i a  
t h e  t r a z i t i o n a l  f requency t o l e r a n c e s  
of two pe rcen t .  The cus tomaryprocedure  
where 
Af = t h e  bandwidth needed t o  accomplish 
t h e  l e v e l  change 
f = t h e  f requency a t  which t h e  l e v e l  
change i s  i n i t i a t e d  
g1'g2 = t h e  ampl i tude  r a t i o  o f  t h e  
s t e p  change 
N = t h e  sweep r a t e ,  arid 
S = t h e  compressor speed o i  t k e  con- 
t r o l  system a t  f 
The approximation e r r o r  i n  t h e  above 
equa t ion  is less than  oile pe rcen t .  
A s  a s p e c i f i c  example of t h e  ~ b o v e ,  
c o n s i d e r  t h e  De i t a  Pogo s p e ~ i f i c a t i o r  
where a t  17 Hz t h e r c  i s  a s t e p  change 
from 1.5g t o  4.5g k h i l e  sve lp ing  a t  
4 c c t a v e s  p e r  minute. Using, from 
Ref. 1, an average  compressor speed 
of 4 dB per  sc-ond f o r  a d i g i t a l  
c o n t r o l  s p s t c n  d t  1 7  Hz,  it can be 
seen t h a t  i t  would t a k e  a 2 Hz band t 3  
complete t h e  s t e p  zhange. l i~ is  i s  con- 
s i d e r a b l y  g r e a t e r  t han  t h e  c n r r e n t l y  
accep tab le  2 pe rcen t  f requency Sand i n  
which such s t e p  changes i n  l c v e l  must 
be accomplished. 
f o r  performing such a rhange w i t h  a n  
' analog system i s  t o  t e r m i n a t e  che 
sweep, change t h e  i n p u t  v ih r t r t i on  
level, and when c o n t r o l  has  ~ t a b i l i z e d  
a t  t h e  new l e v e i ,  z e - i n i t i a t e  t h e  
sweep. T h i s  p r o c e s s  undoubtedly JX- 
poses  t h e  test item to  more high- 
ampl i tu6e  stress r e v e r s a l s  t h a n  i s  
r r a l i s t i c a l l y  r equ i r ed .  It i s  aacept -  
ed p r a c t i c e  though because  it--is re l t  
t o  be  t h e  optimum t r ade -o f f  between 
ma in ta in ing  c o n t r o l  and completing 
t h e  l e v e l  change w i t h i n  an  a c c e p t a b l e  
f requency band. D i g i t a l  s y s t m s ,  
be ing more h i g h l y  automated,  do  .lot 
s t o p  sweeping b u t  r a t h e r  change l e v e l -  
a s  t h e y  sweep. S ince  c o n t r o l  systems 
nave f i n i t e  compressor speeds ,  t h e y  
r e q u i r e  a f i n i t e  l e n g t h  o f  t ime t o  
change l e v r l s  w i thou t  l o s i n g  c o n t r o l  
of t h e  process .  The bandwidth i n  
- w h l c h - t h i s  s t a b i l i z a t i o n  t o  t h e  new 
l e v e l  can be  completed i s  a f u n c t i o n  
o f  t h e  pe rcen tage  change i n  l e v e l ,  
t h e  compressor speed,  t h e  sweep r a t e ,  
and t'le f requency a t  which t h e  change 
was i n i t i a t e d ,  a s  is de f ined  i n  Ref. 1. 
There it is s t a t e d  t h a t :  
,l'h> d i g l t a l  c o n t r o l  a l g o r i t h m  
must, of  cour se ,  be . r r i t t e n  LO rm 
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s s f e  tests  and t h e  p e r m i s s i b l e  Lest 
t o l e r a n c e s  must b e  broadened t o  permi^ ... 
o ~ a r a t i a n  of t h e  test equipment t h a t  - 
doe:; riot j eopa rd ize  t h e  i n t e g r j  t y  o f  - 
t h e  test i t e m .  Of  more p o t e n t i a l  s i g -  
n i f i c a n c e ,  however, i s  t h e  f a c t  t h a t  
t h e  test e n g i n e e r  must t% made eware 
o f  how t h e  c o n t r o l  a l g o r i t h m  is 
w r i t t e n  s o  t h a t . h e  can  a n t i c i p a t e  t h e  
r e sponse  o f t h e  i t e m  under test* 
Suppose, f o r  exan~ple ,  a s p a c e c r a f t  had 
a fundamental  r e s o m n c e  j u s t  bclqw o r  
j u s t  above t t e  f requency band o f  
F i g u r e  1 i n  wfiich t h e  i n p u t  l e v e l s  a r e  
t h e  h i g h e s t .  I f ,  i n  o r d e r  t o  m e e t  t h e  
i n p v i  ampl i tude  r equ i r emec t s  i n  t h a t  
band, t h e  t e s t  l e v e l  began t o  change 
w e l l  below t h e  b2ginning cf t h e  band 
-dd was n o t  f u l l y  reduced u n t i l  w e l l  
a f t e r  t h e  band, t h e  p o s s i b i l i t y  would 
e x i s t  of  e x c i t i n g  t h e  str:lPture a t  i t s  
re sonan t  mode t o  u n r e a l i s t i c a l l y  h igh 
l e v e l s ,  s i g n i f i c s . ~ t l y  h igh  enough such 
t h a t  s p e c i a l  pruvi:j.ons ~ h o u l d  have 
been made f o r  l imi t - ina  t h e  resDonse of 
t h e  s t r u c t u r e .  Thus, it can  be seen 
t h a t  t h e  problem goes  w e l l  beyand t h e  
o p e r a t i o n a l  ope o f  meet ing  s p e c i f i c a -  
t i o n  t o l e r a n c e s  and becomes one of 
a s s u r i n q  t h a t  p e r - c i n ~ n t  i n fo rma t ion  
r ega rd ing  system performa-:e capa- 
b i l i t i e s  h a s  been dissemi:iated t o  t h e  
prcper  i n d i v i d u a l s  who mc j t  a t i l i z e  
i t  f o r  p rope r  test p lanning.  
Thi-  b r i n g s  u s  l o g i c a l l y  t h e n  t o  
pernaps  t h e  most s i g n i f i c a n t  a d v a x t -  
ment i n  us ing  d i g i t a l  c o n t r o l  systems 
t o  1-erform s i n u s o i d a l  v i b r a t i o n  tests: 
the  a b i l i t i  t o  a u t o m a t i c a l l y  l i m i t  t h e  
r e sponse  of many p o i n t s  t o  some pre- 
determined response  v a l u e ,  t h e r e b y  
p rec iud ing  i n a d v e r t a n t  c v e r t e s t s  d ~ e  
t o  u n a n t i c i p a t e d  hi-jh a m p l i f i c a t i o n s .  
Tor s e v e r a l  y e a r s  .i.:v, ana log  sys tems 
have had l i m i t e d  c a + S i l i t y  t o  t r a n s -  
f e r  c o n t r o l  t n  some r s sponse  p o i n t  
whelr a p rede te rn lned  l i m i t  w ? s  reached 
o r  t o  i n i t i a t e  a c o n t r a l l e d  s h u t d ~ ~ n  
sms a b c r t  lmi t  was exceeded. 
These t e a t  d, e s  a r e  mandatory on 
systems t h a t  a r e  r equ i r ed  ko c o n t r o l  
t~,? v d r 1 . 0 ~ ~  environments t o  which 
t o d a A 7 ' s  cc.nple::, mu l t i -mi l l i on  C o l l a r  
s p a c c - r 3 f t  a r e  t e s t e d .  I? analog 
' ,stems. + h s e  f c a t u r e s  w x c  cur t z i n e d  
An p e r i p k c r a l  hardware t h a t  took u p  
p r e c i o u s  spc>ce i n  t h e  c o n t r o l  room and 
was o f t e n  c c l i f i c . ~ l t  and t i ~ c  onscmir;g 
t o  check c u t ,  - . l i b r a t e  and set up. 
More importantly. ,  l i n i t a t i o n s  on equip- 
ment a v a i l a k i l t t y  u s u a l l y  p iaccd s e v e r e  
c o n s t r a i n t  on t h e  11ui.1b -1-  of res+;z'p 
p o l n t s  t h a t  could  ~ E I S G  moni tored ,  
o f t e n  i - ieccss i t~ . :~~q a cr~nprcn l sc  hc- 
tween tl,? l ove1  of sop!:.~.;t~c::t.ic,. on, 
d e z l r e d  t o  have i;, a t c s t  'rd - t h e  l c v c l  
one W J S  . ib lc  t o  have. 
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With d i g i t a l  c o n t r o l  systems,  how- 
e v z r ,  such l i m i t i n g  and c o n t r o l  o f  
r e sponses  o t h e r  t h a n  t h e  pr imary  con- 
t rol  p o i n t  is  con ta ined  i n  t h a  c o n t r o l  
a lgo r i thm where it r e q u i r e s  no addi -  
t i o n a l  hardware space  a113 c a n  b e  set 
u- e a s i l y  throuph t h e  -:letype i n t e r -  
face .  A d d i t i o n a l l y ,  such c a p a b i l i t y  
e x i s t s  i n  g r e a t  amounts aLlowing 
many r e sponse  p o i n t s  t o  be l i m i t e d ,  
t he reby  p e r m i t t i n g  f a r  more complex 
tssts t o  be run  t h a n  a r e  c u r r e n t l y  
p o s s i b l e  i n  l a b o r a t o r i e s  w i th  ana log  
c o n t r o l  equipment. A word o f  c a u t i o n  
m y  be i n  o r h r ,  however, i n  t h a t  one  
sbould  n o t  T,-. u n n e c e s s a r i l y  complex 
ests sim;.!  -%cause t h e  c o n t r o l  sys-  
,. h a s  un.a~-d z a p a b i l i t y .  Sound 
e r s i n e e r i n g  judgement must still 
r.m;?er t h e  complexi ty  o f  e n v i r o m e n t a l  
~ ~ s t s  s i n c e t h e  l ike l ihooci  o f  a  s e t u p  
e r r o r  i n c r e a s e s  w i t h  test complexi ty  
no m a t t e r  how s imple  t h e  m t r o l  
system may be  t o  use.  
The f i n a l  p o i n t  of  d i s c u s s i o n  re- 
ga rd ing  o i n u s ~ i d a i  t e s t i n g  conce rns  
t h e  u s e  o f  v a r i a b l e  sweep r a t e s  du r ing  
t h e  v i b r a t i o n  p r o f i l e  i n  t h e  c o n t r o l  
a lgo r i thms  of some manufac tu re r s  o f  
d i g i t a l  equipment. T h i s  f e a t u r e  re- 
duces  t h e  s r e e p  r a t e  a t  f r e q u e n c i e s  
a t  which t h e  system t r a n s f e r  f u n c t i o n  
is r a p i d l y  changing i n  o r d e r  t o  more 
a c c u r a t e l y  c o n t r o l  t h e  a p p l i e d  v i h r a -  
t i o n  l e v e l  t o  t h a t  d e s i r e d .  T h i s  
approach is f e l t  t o  have some d i s t i n c t  
d isadva*l tages  and t h e  p o t e n t i a l  pro- 
blems a s s o c i a t e d  w i t h  i ts l o g i c  w i l l  b e  
drawn o u t  i n  t h e  fo l lowing example 
c i t e 6  from a test  on t h e  O r b i t i n g  
Ast-onomical Observatcry  (OAO) a t  t h e  
Goddard Space F l i g h t  Center.  
Using an  analog c o n t r o l  system and 
a  f i x e d  sweep r a t e  it was d e s i r e d  t o  
perform a  base  e x c i t e d  s i n u s o i d a l  
v i b r a t i o n  test  o f  t h e  5000 pound Space- 
c r a f t  a t  a c o n s t a n t  a c z e l c r a t i o n  l e v e l  
o f  0.25g wh i l e  sweeping a t  a  r a t e  of  
4 o c t a v e s  p e r  minute from 5 t o  1 5  Hz. 
The a c t u a l  c o n t r o l  a c c e l e r a t i o n  pro- 
f i l e  measured a t  t h e  base  o f  t h e  space- 
c r a f t  was a s  shown i n  F igu re  2a. A s  
can  be r e a d i l y  seen  t h e r e ,  t h e  i n p u t  
v a r i e d  by a  c o n s i d e r a b l e  amount from 
the d e s i r e d  i n  t h e  v i c i n i t y  of t h e  9 
Hertz f i r s t  c a n t i l e v e r e d  bending mode 
of t h e  s p a c e c r a f t .  The e x p l a n a t i o n  f o r  
t h i s  occu r rence  i s  t h r t  a s  one ap- 
proaches  t h e  f ixed-base  r e sonan t  f r e -  
quency of such a  l a r g e  test item, t h e  
appa ren t  mass, and hence t h e  d r i v i n g  
f o r c e  r e q u i r e d  t o  be supp l i ed  by t h e  
shaker  armature  t o  ma in ta in  3 c o n s t a n t  
a c c e l e r a t i o n  l e v e l ,  changes more 
r a p i d l y  than  t h e  compressor of t h e  
c o n t r o l  system can  compensate f o r  i t  
(See F i g u r e  Zb). Thus, t h e  i n p u t  
a c c e l e r a t i a n f a l l s  below t h e  d e s i r e d  
l e v e l  and c o n t i n u e s  t o  f a l l  f u r t h e r  
below u n t i l  t h e  s l o p e  o f  t h e  a p p a r e n t  
mass d e c r e a s e s  t o  t h e  p o i n t  t h a t  t h e  
compressor can  beg in  t o  compensate and 
a d j u s t  t h e  i n p u t  t o  t h e  d e s i r e d  l e v e l .  
A f t e r  t h e  r e s o n a n t  f requency i s  passed,  
t h e  i n v e r s e  a c t i o n  o c c u r s  i n  t h a t  a s  
t h e  r e q u i r e d  f o r c e  d e c r e a s e s  more 
r a p i d l y  t h a n  t h e  compressor c a n  r e a c t ,  
t h e  i n p u t  rises above t h e  d e s i r e d  
l e v e l  u n t i l  such time a s  t h e  s l o p e  o f  
t h e  a p p a r e n t  mass l e v e l s  o f f  and le 
compressor i s  a g a i n  a b l e  to prou,. a 
a c c e p t a b l e  c o n t r o l .  
Although t h e  above problem was 
d e s c r i b e d  i n  t h e  f requency domain, it 
i s  i n  f a c t  a  problem o f  t h e  t ime  domain, 
i n  t h a t  t h e  main c a u s e  i s  t h e  r e l a t i v e -  
l y  slow compressor speed. Inc reas ing  
t h e  compressor speed is  an  unaccept.able 
s o l u t i o n  to t h e  problem s i n c e  it Hiay 
c a u s e  s e r v o  loop  i n s t a b i l i t i e s  t h e r e b y  
l o s i n g  c o n t r o l  comple te ly  a s  it a t t e m p t s  
t o  c o r r e c t  t o o  r a p i d l y  f o r  changes i n  
t h e  system t r a n s f e r  f u n c t i o n .  De-  
c r e a s i n g  t h e  sweep r a t e ,  however, 
e f f e c t i v e l y  i n c r e a s e s  t h e  compressor 
speed wi thou t  c r e a t i n g  p o t e n t i a l  i n -  
s t a b i l i t i e s  by reducing t h e  t i m e  r a t e  
o f  change o f  t h e  system t r a n s f e r  
f u n c t i o n  the reby  a l lowing  t h e  compres- 
s o r  more t i m e  t o  respond and e n a b l i n g  
it t o  s i g n i f i c a n t l y  l e s s e n  t h e  devia-  
t i o n s  o f  t h e  a c t v a l  v i b r a t i o n  l e v e l  
from t h e  d e s i r e d .  
From a  test o p c z a t i o n s  v iewpoint  
t h e n ,  t h i s  au tomat i c  r e d u c t i o n  of t h e  
sweep r a t e  below t h e  s p e c i f i e d  level 
a t  f r e q u e n c i e s  a t  which t h e  system 
t r a n s f e r  f u n c t i o n  is changizlg r a p i d l y  
i s  an  i d e a l  s o l u t i o n .  I t  p e r m i t s  
running more p r e c i s e  tests and is  most 
l i k e l y  t h e  r eason  why some manufac- 
t u r e r s  have inc luded it i n  t h e i r  
s i n u s o i d a l  v i b r a t i o n  c o n t r o l  a lgo r i thm.  
There  a r e ,  however, c o n s i d e r a t i o n s  
t h a t  should  be made when performing 
tests over and above t h a t  o f  mainta in-  
i n g  p r e c i s e  c o n t r o l  of  t h e  i n p u t  l e v e l .  
The prime c o n s i d e r a t i o n  du r ing  v i b r a -  
t i o n  t e s t i n g  is  t h a t  t h e  p rope r  load  b e  
a t p l i e d  f o r  t h e  d e s i r e d  d u r a t i o n .  
V a r i a t i m s  from t h e  d e s i r e d  l e v e l  a s  
s e v e r e  a s  t h o s e  i l l u s t r a t e d  i n  F igu re  
2  occur  o n l y  a t  t h e  fundamental  c a n t i -  
l eve red  resonances  o f  v e r y  mass ive  test 
i tems.  I t  i s  a t  t h e s e  f r e q u e n c i e s  t h a t  
t h e  Goddard test phi losophy p e r m i t s  a 
r e d u c t i o n  o f  t h e  i n p u t  v i b r a t i o n  l e v e l  
below t h e  s p e c i f i c a t i o n  v a l u e  s o  a s  t o  
lm i t  t h e  r e sponse  o f  t h e  t e s t  a r t i c l e  
t o  t h e  naximum p r e d i c t e d  by a n a l y s i s  
t o  ocnur  i n  f l i g h t .  Thus, w h i l e  i n  the 
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c i t x d  zxample t h e  i n p u t  a c c e l e r a t i o n  
was t n e  c o n t r o l  parameter ,  it was n o t  
a s p e c i f i e d  a c c e l e r a t i o n  l e v e l  b u t  
r a t h e r  some nominal a c c e l e r a t i o n  pre-  
d i c t e d  by t h e  r e s u l t s  o f  a low-level  
survey t o  be t h e  one  needed t o  develop 
t h e  d e s i r e d  r e sponse  l o a d  i n  t h e  
c r i t i c a l  a r e a s  o f  t h e  s p a c e c r a f t  
s t r u c t u r e .  So long a s  t h e  pe rcen tage  
cleSiat ion of t h e  c o n t r o l  a c c e l e r a t i o n  
from t h e  d e s i r e d  was t h e  same f o r  bo th  
t h e  f u l l  l e v e l  r u n  and t h e  low l e v e l  
run  t h a t  had been used a s  t h e  b a s i s  
f o r  t h e  e x t r a p o l e t i o n ,  then  t h e  f u l l  
l e v e l  run  would develop t h e  d e s i r e d  
responses .  Ay slowing down t h e  sweep 
r a t e  i n  t h e  v i c i n i t y  o f  test i t e m  
resonances ,  one  would still  need t o  
employ some t echn ique  t h a t  l i m i t e d  t h e  
r e sponses  o f  t h e  test  t o  t h o s e  d e s i r e d .  
Thus, t h e  same peak load  would b e  
developed.  But by slowing down t h e  
sweep r a t e ,  t h e  number of c y c l e s  f o r  
which t h e  peak load  was a p p l i e d  could  
i n c r e a s e  d r a s t i c a l l y .  When sweepixg 
a t  t h e  c o n s t a n t  r a t e  of  4 o c t a v e s  p e r  
minute,  t h e  OAO S p a c e c r a f t  saw a load  
g r e a t e r  t h a n  90 p e r c e n t  o f  maximum 
f o r  19  c y c l e s  i n  t h e  v i c i n i t y  of t h e  
9 Her tz  resonance.  T h i s  was a l r e a d y  
c o n s i d e r a b l y  i n  e x c e s s  of t h e  number 
of c y c l e s  f o r  which t h e  load  was pre-  
d i c t e d  t o  l a s t  by t h e  f l i g h t  dynamics 
l o a d s  a n a l y s i s .  To s i g n i f i c a n t l y  in -  
c r e a s e  t h i s  n m b e r  of a p p l i e d  load  
c y c l e s  even f u r t h e r  i n  o r d e r  t o  p rov ide  
improved c o n t r o l  accu racy  hy slowing 
down t h e  sweep r a t e  seems unreasonable .  
The f a c t  t h a t  f a t i g u e  damage is n o t  
u s u ~ l l y  a problem wi th  ae rospace  hard- 
ward is n o t  an a c c e p t a b l e  argument 
s i n c e  one of t h e  b a s i c  t e n e t s  of envi -  
ronmental t e s t i n n  a s  env i s ioned  by t h e  
Goddard Space F l i g h t  Center  is t o  
expose hardware t o  a s  r e a l i s t i c  a 
s i m u l a t i o n  of t h e  s e r v i c e  environment 
a s  is p r a c t i c a b l e .  I t  is f e l t  t h a t  
t h e  reduced sweep r a t e  f e a t u r e  l o s e s  
s i g h t  of  t h i s  o b j e c t i v e  and f o r  t h i s  
reason it i s  recornended t h a t  :it be 
excluded from t h e  s i n u s o i d a l  v; .brat ion 
c o n t r o l  a lgo r i thm of d i g i t a l  c c n t r g l  
equipment. 
RANDOM VIBRATION 
For t h e  c o n t r o l  of  random v i b r a t i o n  
i n p u t s ,  d i , j i . t a l  c o n t r o l  sys tems o f f e r  
s i g n i f i c a n t  improvements o v e r  analoa  
systems f o r  r easons  of b t h  s h o r t e r  
e q u a l i z d t i o n  t ime and f i n e r  s p e c t r a l  
r e s o l u t i o n .  Using a d i g i t a l  system, 
t h e  bandwidth of t h e  v i b r a t i o n  p r o f i l e  
can be subdivided i n t o  400 o r  more 
f i l t e r s .  Assuming 400 f i l t e r s  a r e  
used,  then  a p r o f i l e  ove r  t h e  t r a d i -  
t i o n a l  bandwidth o f  10 t o  2000 Hertz 
cou ld  be e q u a l i z e d  w i t h  a n  approxi -  
ma te ly  5 Her t z  r e s o l u t i o n .  T h i s  
compares w i t h  e x i s t i n g  ana log  sys tems 
t h a t  have 80 f i l t e r s  va ry ing  from 1 2  
t o  50 Hertz.  
I t  is t h i s  improved r e s o l u t i o n  t h a t  
is rel t  t o  be  a p o t e n t i a l  problem x e d  
n o t  from t h e  s t a n d p o i n t  of  be ing n o t  
a s  good a t es t  b u t  from t h e  s t a n d p o i n t  
of meeting e x i s t i n g  s p e c i f i c a t i o n  
t o l e r a n c e s .  These t r a d i t i o n a l  t o l e r -  
ances  r e q u i r e  t h a t  i n  any s i n g l e  
f i l t e r  bandwidth t h e  power s p e c t r a l  
d e n s i t y  (PSD) be  c o n t r o l l e d  t o  w i t h i n  
3 dB o f  t h e  d e s i r e d  value .  T h i s  is  
n o t  a s e r i o u s  problem w i t h  wider  
f i l t e r s  because  it is  r e a l l y  t h e  ave r -  
a g e  PSD v a l u e  i n  t h e  Sand t h a t  is 
being c o n t r o l l e d  w i t h i n  t h e  s p e c i f i e d  
t o l e r a n c e s .  As t h e  f i l t e r s  become 
v e r y  narrow, t h e  ave rage  PSD v a l u e  i n  
a s i n g l e  f i l t e r  bandwidth i s  r a d i c a l l y  
a f f e c t e d  by narrow band, h igh  ampli-  
f i c a t i o n  resonances  i n  t h e  test i tem. 
Although no a c t u a l  d a t a  was a v a i l a b l e  
t o  t h e  a u t h o r ,  t h e  c a s e  can  be  en- 
v i s i o n e d  i n  which t h e  d i g i t a l  c o n t r o l  
system was unab le  t o  compensate 
s u f f i c i e n t l y  f o r  such a r e sonance  be- 
c a u s e  of i t s  f i n i t e  dynamic range.  I f  
such c a s e s  were encountered  r e g u l a r l y ,  
t h e n  s p e c i f i c a t i o n  t o l e r a n c e s  would 
have t o  be  broadened t o  pe rmi t  g r e a t e r  
t h a n  3 dB v a r i a t i o n s  from t h e  d e s i r e d  
l e v e l  ove r  a c e r t a i n  pe rcen tage  of t h e  
narrow band f i l t e r s .  I t  must be  empha- 
s i z e d ,  however, t h a t  t h i s  is n o t  a 
c a s e  o f  d i g i t a l  sys tems being unab le  
t o  c o n t r o l  a s  w e l l  a s  e x i s t i n g  ana log  
systems.  I t  is r a t h e r  a c a s e  of d i g i t a l  
c o n t r o l  sys tems being s e n s i t i v e  enough 
LO d e t e c t  f a r  more s o p h i s t i c a t e d  pro- 
blems t h a n  ana log  systems can  and t h u s  
r e q u i r i n g  a change t o  t e s t  s p e c i f i c a t i o n  
t o l e r a n c e s  i n  o r d e r  t o  t a k e  i n t o  ac- 
count  t h i s  i nc reased  l e v e l  of  soph i s -  
t i c a t i o n .  
A s  f a r  a s  random v i b r a t i o n  c o n t r o l  
t echn iques  a r e  concerned,  t h e r e  i s  
one  a r e a  which t h e  c o i l t r o l  a l g o r i t h m s  
30 n o t  c u r r e n t l y  a d d r e s s  t h a t  i s  
p a r t i c u l a r y  amenable t o  t h e  c a p a b i l i t i e s  
c f  a d i g i t a l  system. That  i s  t h e  a b i i -  
i t y  t o  c o n t r o l  v i b r a t i o n  r e sponses  
gene ra t ed  i n  one  f requency band by 
energy i n p u t  i n  a n o t h e r  f r e q ~ e n c y  band. 
O r , e  example of such a c a s e  would be a 
resonance  e x c i t e d  by i n p u t  energy i n  
t h e  s k i r t s  of t h e  2 i l t e r s  a d j a c e n t  t o  
0;. i n  which t h e  resonance  l i e s .  
Another w o ~ l d  be  t h e  e x c i t a t i o n  of re- 
sponse a t  one f requency g e n e r a t e d  by 
energy i n p u t  a t  e i g h e r  a harmonic o r  
sub-hanncnic o f  t h a t  f requency.  To 
t h e  a u t h o r ' s  knowledge, e x i s t i n g  con- 
t r o l  t echn iques  u t i l i z e  t h e  measure2 
response of + ie control point in the 
filter band ta regulate the input 
force in ouly that same band so that 
the measured response eqcals that de- 
sired. Tn the cases mentumed above, 
such a ccntrol algorithn would have 
no afloc' on the equalization of the 
PSD a . d e control point. 
Whe:~ such a case is encountered 
using antlog control systems, the 
operator. begins a process of manual 
equalization by adjusting the various 
sliders to see if equalization can be 
accomplished. This can be a time 
consuming process and often results in 
a decision to run the test with one 
filter knowingly outside the tolerance 
limit simply because one does not wish 
to take the extensive time required to 
aljust each filter until proper equal- 
ization is achieved. 
Although such instances may not be 
encountered frequently, it would seem 
worthwhile to have provisions for them 
incorporated into the random vibration 
contra1 algorithms of digital systems. 
Such provisions would consist of se- 
quentially changing the hpct energy 
in each filter band and checking to 
see if the response in the unequalized 
band was affected. In such a manner 
the filter generating the response 
could be located and a secondary con- 
trol loop established whereby its 
output energy was controlled by the 
response in the unequalized bznd. 
When such an equalization problem was 
encountered, this supplemental portion 
of the control algorithm could be 
activated by a simple teletype input 
in order to provide capability of con- 
ducting a gooa environmental test ever. 
wher the test item possesses such 
unusual dynamic characteristics. 
The final topic for discussion 
under this heading of random vibration 
concerns extension of the existing con- 
trol algorithms to a new area. Current 
practice calls for random vibra~ion 
tests tn be run for =me specified zime 
at %me overall RMS acceleration level. 
When one speculates as to how they 
might improve the realism of random 
simulation, the idea of a time varying 
RMS acceleration level, similar to the 
profile illustrated in Figure 3, comes 
to mind. This profile shows the RMS 
acceleration level measured ac the 
interface of a spacecraft with the 
Delta Launch Vehicle from lift-off 
throuqh the regions of transonic 
flight and maximum aerodynamic pressure. 
While no firm test requirements for 
such a profile yet exist, it seems 
reasonable to think that such s profile 
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may some day be a requirement. More- 
over, it seems that implementttion of 
such a requirement could be easily 
added to the random vibration control 
algorithm of digital systems. When 
room for potential improvements exists, 
requirements have the demonstrated 
ability of growing to meet such poten- 
tial. The writer feels that such will 
be the case for the time varying RMS 
random vibration profile discussed 
here. 
MECHANICAL SHOCK 
The area of mechanical shock is the 
one in which digital control systems 
have provided the greatest improvement. 
They offer two distinct methods of 
environmental simulatioa: shock re- 
sponse spectrum matchjng, in which the 
potential simulation accuracy has been 
significantly improved over that of 
analog systzms through increased re- 
solution, and transient waveform 
control, a completely new test capa- 
bility that is not enviromnental 
simulation at all but rather environ- 
mental duplication. Prior to a 
discussion about either of these 
methods, let us depict the environment 
that we are trying to simulate. De- 
picted in Figure 4a is a shock tran- 
sient measured on the primary structure 
of a typical spacecraft during a 
pyrotechnic event such as separation 
from the launch vehicle. It is a 
hiah-G multi-frequency oscillation 
characteristic of such events. Figure 
4b meanwhile presents the acceleration 
sho-k response spectrum of the tran- 
sient for a critical dampino ratio of 
0.05. Both of these are iepresenta- 
tions of the same environment, one 
being a description of structural 
motion and the other a prediction of 
the amount that single degree of 
freedom systems with the defined 
damping would respond to that structur- 
al motion. If one wished to simulate 
the event, then he has the freedom to 
work in either the time domain or the 
frequency domain. 
Recent pa::r practice with analog 
systems has baen to simulate the de- 
sired shock spectrum by synthesizing a 
time history whose shock spectrum 
matched, for the specified damping 
value and within the allowable toler- 
ances, the desired shock spectrum. 
This was done by summing several 
discrete frequency wavelets into a 
single complex time history with the 
amplitude of each frequency component 
individually adjusted to control the 
resultant shock spectrum at its own 
frequency. The frequency spacing, or 
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resolution, of these frequency compo- 
nents was usually one-third octave, but 
it sust be understood that such shock 
spectrum synthesis techniques do not 
utilize filters that control the spec- 
trum over the entire one-third octave 
band. True control of rhe shock 
spectrum magnitude exists only at the 
one-third octave center frequencies. 
Because of the shape of the shock 
spectrum of each wavelet the shock 
spectrum magnitude fall a below the 
desired value at all frequencies between 
adjacent one-third octave center fre- 
quencies. As a result, for test items 
whose predcmiaant response frequencies 
lie between one-third octave center 
frequencies, an undertest nay result. 
The concep; of shock spectrum 
synthesis is the same for both analog 
and digital systems. The use of digital 
systems does offer improved simulation, 
however, by providing increased resolu- 
tion, su, h as one-sixth or one-twelfth 
octave, thereby providing exact match- 
ing of the desired spectrum magnitude 
at a greater number of frequencies that 
are also closer together. Thereby, the 
amount of inaccuracy in spectral values 
at frequencies between two adjacent 
control frequencies is also signifi- 
cantly reduced. 
One serious deficiency of any 
method of shock spectrum matching is 
that it is g w d  for only one value of 
damping. If the damping coefficient 
of the particular item under test does 
not equal that for which the shock 
spectrum was matched or if the item is 
sufficiently complex that its behavior 
is not at all predictable by the single- 
degree-of-freedom analogy upon which the 
shock spectrum concept is based, then 
the response induced in the test item 
by the test environment will not be the 
same as that induced by the service 
environment and the test will not have 
ascomplished its objective. This is so 
for a given time history because the 
variation in shock spectrum magnitude as 
a function of the analysis damping coef- 
ficient is dependent upon the number of 
cycles for which the time history lasts. 
This is illustrated in Figure 5 where the 
variation of peak shock spectrum magni- 
tude with damping has been plotted for 
several types c~f time history. As can 
be seen, if the test item has a lower 
clamping value thanthat for which the 
shock spectrum was computed, as isoften 
the case because many subsystems have 
high-Q resonances and most specifications 
are defined for Q equal to 10, and a 
typical shock spectrum synthesis technique 
is employed, then the simulated environ- 
ment will produce an overtest. 
One method of controlling the 
amount of overtest or mdertest so in- 
duced is to control the number of 
cycles in each individual wavelet of 
the simulated environment such that 
the variation in spectral magnitude as 
a function of damping approximates that 
seem in the real environment. It is 
understood that certain digital shock 
spectrum synthasis control algorithms 
possess such cdpability, and it would 
seem advisable for test laboratories 
to have such sapability if possible. 
This does not, however, provide a 
universal solution because the ratio 
between peak shock spectrum magnitude 
and peak magnitude of the input time 
history is rtdused as the number of 
cycles in each wavelet is reduced 
thereby lowering the upper magnitude 
of + -e shock spectrum that can be so 
synthesized due =o shaker and amplifier 
force limitations. 
One final shortcoming of the shock 
spectrum matching technique 5s that, 
even if excited to the ;>roper response 
levels, the test item experiences peak 
stresses for a greater number of cycles 
because the simulated environment 
usually lasts longer than the service 
environment. The way of avoiding the 
problems of spectral matching complete- 
ly is to utilize the transient wave- 
form control capability of digital 
systems. With this technique, accurate 
duplication of the measured service 
environment can be achieved. Evalu- 
ating the responses induced in the 
test item by this method in terms of 
the foregoing shock spectrum matching 
discussion, then, there are no fre- 
quencies at which the spectrum magni- 
tude of the test environment varies 
from the desired spectrum value. In 
addition, the variation in shock spec- 
trum magnitude as a function of the 
analysis damping coefficient is pre- 
cisely the same for both the test 
environment and the service environ- 
ment. Thus the necessity of knowing 
the damping coefficient of the test 
item in advance in order to assure a 
realistic test is eliminated. Finally, 
ttie number of peak stress cycles is 
precisely duplicated since the duration 
of both thz test and service environ- 
ments are exactly the same. Transient 
waveform control therefore is a signi- 
ficantly improved shock test method 
offered by digital control systems that 
should be adopted whenever possible. 
Prior to implementation of such a 
test method for other than development 
testing, however, an approved specifi- 
cation must exist and a method for 
generating a specification that provides 
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a qualification time history is not 
straightforward. In the case of devel- 
oping a shock spectrum specification, 
one needs to do a shock speckrum analy- 
sis ior some defined damping coefficient 
over the frequenc:. range of interest 
of all flight data deemed appropriate 
for inclusion into the particulai 
specification being developed. A test 
specificccion can then be constructed 
by either enveloping the composite 
spectra encountered in service or if 
sufficient data samples exist, by per- 
forming a statistical analysis to 
determine some desired environmental 
probability level of occurrence. Com- 
bination of the various data samples 
is thus easily achiGTred when developing 
a shock spectrum specification. 
Still in terms of the shock spec- 
trum, let us now consider the develop- 
ment of a qualification time history. 
Seldom if ever does a single time 
history generate the worst case shock 
spectrum at all freqcencies. Thus, 
there will probably never exist a single 
time history that can be uniquely de- 
fined as the worst case for a particular 
specification. Moreover, because the 
shock spectrum is not a reversible pro- 
cess, one cannot take a composite 
envelope shock spectrum of several time 
histories and generate a unique time 
history for definition in a test spe- 
cification. The most likely time- 
history specification that would be 
developed then would be a set of such 
time histories, each of which would 
generate the worst case test item re- 
sponses over a portion of the frequency 
range for which the specification was 
defined. Such specifications should 
begin to be defined in the near future. 
One of the expected advantages of 
performing mechanical shock tests 
under the control of digital systems is 
the ability to improve the accuracy to 
which the desired responses can be 
controlled. Current tolerances on 
shock spectrum tests are +50%, -lo%, a 
large band in which test amplitudes may 
fall and still be termed acceptable. 
The usually quoted accuracies on tran- 
sient waveform control are 210%. This, 
however, assumes that no non-linearities 
are encountered between the equalization 
level and the full level test. When 
equalization is conducted 6 dB or more 
below full level, as is usually re- 
commended, non-limearities well in 
excess of 10P can be expected, as is 
illustrated In Ref. 3. When this 
occurs, even perfect equalization will 
not result in tests that meet the 
stat-d capabilities of 210%. 
The writer feels that significantly 
inproved mechanical shock test accuracy 
could be achieved if both the shock 
spectrum and transient waveform digital 
control algorithms were expanded to 
include measurement of and compensation 
for the non-linearities inherent in the 
test item. One suggested method for 
accomplishing this would be to first 
equalize initially at the -12 dB level 
(25%), and next perform a run at the 
-6 dB level (50%). The differences 
between the predicted inputs for the 
-6 dB run, based on a linear extra- 
polation of the - J.2 dB run, and the 
actual inputs could se- .ve as a measure 
of the non-linearities encountered in 
the transfer function of the test item 
when subjected to a 6 dB increase in 
excitation level. This non-linearity 
measurement could then serve not only 
to re-equalize at the -6 dB level, !)ut 
more importan !y to anticipate the 
additional non-linearities now expected 
to be encountered between the -6 dB 
and the 0 dB (100%) runs. Thus, there 
would exist a technique for at least 
attempting to compensate for test item 
non-linearities. The Goddard Shock 
Test Handbook (Ref. 4) currently re- 
commends such a procedura be followed 
for manually equalizing shock spectrum 
tests using the analog synthesizer. 
Incorporation of this technique into 
the digital control algorithms w~uld 
improve an already good test method. 
Even with the vast imprcvements in 
shaker shock test methods facilitated 
by digital control systems, there still 
exists room for argument that any form 
of on-the- shaker test induces 
much greater responses throughout the 
test item than are seen if one exposes 
the same test item to the actual pyro- 
technic event. One possible explanation 
of this is that on the shaker the input 
is coherent at all mounting points of 
the test item, whereas if onc measures 
the time history at the various mount- 
ing points of a test item during an 
actual pyrotechnic event, he will see 
that they are not exactly the same. 
This topic, however, does not warrant 
further discussion in this paper, but 
is undoubtly one that will receive much 
attention in the near future. 
SUMMATION 
Thus, the capabilities of digital 
control systems have been reviewed as 
they interface with environmental test 
specifications. They provide vastly 
increased capabilities in some areas, 
and in others offer test methods pre- 
viously impossible. They do not, how- 
ever, eliminate the need for constant 
care on the part of the test engineer 
to verify that the objective of realis- 
tic environmental simulation is being 
Et. 
Finally, then, it is felt that a 
warning must be sounded. Avoid the 
temptation to perform unnecessarily 
complex environmental tests simply be- 
cause the extensive capabilities of 
digital control systems to automatically 
monitor large nunbers of parameters 
permit -hem to be run. Sound engineer- 
ing judgment must continue to be the 
hallmark that identifies cost effective 
test programs that have properly bal- 
anced tesc c~n~plexity against the 
ramificati~n:~ of inducing an unrealistic 
failure because of an improperly con- 
ducted test. 
W. Brian Keegan 
REFEKENCES 
1. Digital Vibration Control Techniques 
by P. Chapman and B. K. Kim; Jet 
Propulsion Laboratory Report; 
Pasadena, California; September 1974. 
2. The Effect of "Q" Variations in 
Shock Spectrum Analysis by M. B. 
McGrath and W. F. Banas: Proceed- 
ings of 42nd shock ani vibration 
Symposj.um; Washington, D.C. ; 
January 1972. 
3. Capabilities of Electrodynamic 
Shakers When Used for Mechanical 
Shock Testing by W. B. Keegan; 
Goddard Spac? Fliqht Center Report; 
 ree en belt; Md. ; ~ G l y  1973. 
4. Handbook for Conducting Mechanical 
Shock Tests Using an Electrodynamic 
Vibration Exciter by W. B. Keegan; 
Goddard Space Flight Center Report; 
Greenbelt, Md. ; June 19.73. 
P continuous s inewalre 
transient 
4 half-size 
pulse 
V1 I 1 
2 5 10 2 0 5 0 
AMPLIFICATION FACTOR (Q) 
Figure 5: Variation of Peak Shock Spectrum Magnitude 
with Damping for Various Waveforms 
(partially extracted from Ref. 2) 
SAFETY PROTECTION OF TEST-ARTICLES 
USING DIGITAL CONTROL SYSTEMS 
R. A. Dorian 
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S a f e t y  p r o t e c t i o n  o f  t es t  a r t i c l c s  is a pr imary  concern  i n  
ae rospace  v i b r a t i o n  t e s t i n g .  D i q i t a l  c o n t r o l  sys tems hava 
g r e a t l y  enhanced t h e  p r o t e c t i o n  of t es t  a r t i c l e s  because  of 
t h e  speed and r e p e t i t i o n  wi th  which t h e y  c a n  perform mono- 
t.onous t a s k s .  Because o f  t h i s ,  t h e  g r e a t e s t  sou rce  o f  
e r r o r ,  o p e r a t o r  e r r o r ,  h a s  been e x t e n s i v e l y  reduced.  Alarm 
and a b o r t  t o l e r a n c e s  o f  i n d i v i d u a l  s p e c t r a l  l i n e s  a r e  moni- 
t o r e d  and compared t o  t h e  o p e r a t o r ' s  p r e d e f i n e d  v a l u e s ,  and 
an  c r d e r l y  shutdown of t h e  system i s  i n i t i a t e d  i f  t h e  a larm 
and a b c r t  s t r a t e g y  i s  v i o l a t e d .  The sys tems a l s o  i n i t i a t e  
c o r r e c t i v e  a c t i o n ,  i f  r e q u i r e d ,  by moni tor ing  pr imary  power 
sou rce  l e v e l s ,  c o n t r o l  s i g n a l  i n t e g r i t y  and p e r i p h e r a l  equip- 
ment envi ronmenta l  requi rements .  However, " e x c i t e r  dumps," 
which a r e  due  t o  unwanted t r a n s i e n t s  g e n e r a t e d  a t  t h e  o u t p c t  
skages  of t h e  c o n t r o l  system o r  t h e  power a m p l i f i e r ,  a r e  
c o r r e c t e d  by a s e p a r a t e  system. I n  t h i s  c a s e ,  a  system ex- 
t e r n a l  r o  t h e  c o n t r o l  system must moni tor  d i sp l acemen t ,  
v e l o c i t y ,  o r  a c c e l e r a t i o n  o f  t h e  e x c i t e r  system and g e n e r a t e  
a c o n t r o l l e d  d e c e l e r a t i o n  shutdown which p r e v e n t s  damage t o  
t h e  test  a r t i c l e  caused by t h e  t r a n s i e n t s .  
INTRODUCTION 
One of t h e  most u n d e s i r a b l e  
occur rences  du r ing  a v i b r a t i o n  test 
is  a shut.down due t o  t h e  f i r i n g  o f  
an  armature  p r o t e c t o r  because of 
o p e r a t o r  e r r o r ,  equipment ma l func t ion ,  
o r  power outage .  
P r e s e n t  a rmature  p r o t e c t o r s  a r e  
des igned t o  p r o t e c t  t h e  moving element 
(armature)  of  t h e  shaker  by p reven t ing  
it from h i t t i n g  t h e  mechanical  s tops .  
Unfo r tuna te ly ,  t h e  sudden dynamic 
braking g e n e r a t e s  l a r g e  a c c e l e r a t i o n s  
which have c a u s e d t h e  s p a c e c r a f t  o r  
test  a r t i c l e  t o  b e  s u b j e c t e d  t o  ex- 
c e s s i v ?  l e v e l s  and p o s s i b l e  damage. 
The f i r i n g  of an armature  p r o t e c t o r  
o r  " e x c i t e r  dump" i s  p a r t i c u l a r l y  
impor tant  s i n c e  i n  most c a s e s  t h e s e  
e x c i t e r  dumps a r c  due t o  o p e r a t o r  
e r r o r  r a t h e r  t h a n  equipment malfunc- 
t i o n  o r  power outage .  
To t h i s  end equipment manufactur-  
e r ' s  have d e a l t  e f f e c t i v e l y  j ,I  sz!lring 
"specimen p r o t e c t i o n "  problems. The 
computer has  been e s p e c i a l l y  h e l p f u l  
s i n c e  i t s  speed and v e r s a t i l i t y  a l low 
it t o  perform a number o f  o p e r a t i o n s  
such  a s :  
I. Checking o p e r a t o r  e r r o r  d u r i n g  
t h e  t e s t  se t -up  phase.  
11. Monitoring t e s t  l e v e l s  through 
v a r i o u s  c o n t r o l  s t r a t e g i e s  and 
warning t h e  o p e r a t o r  of  impend- 
i n g  problems. 
111. Xousekeeping o p e r a t i o n s  - moni- 
t o r i n g  p e r t i n e n t  p e r i p h e r a l  
equipment pa-ameters du r ing  a 
t e s t .  
I t  would seem l o g i c a l  t o  draw t h e  
conc lus ion  t h a t  w i t h  a l l  of t h e  above 
c a p a b i l i t y  a d i g i t a l  c o n t r o l  system 
would c i rcumvent  any p o t e n t i a l  " e x c i t e r  
dumps. However, t h i s  i s  n o t  necessa r -  
i l y  t r u e .  A t r a n s i e n t  o c c u r r i n g  w i t h i n  
t h e  power a m p l i f i e r  c i r c u i t r y  o r  a t  t h e  
o u t p u t  s t a g e s  of t h e  c o n t r o l  system 
cou ld  n o t  n e c e s s a r i l y  be  c o n t r o l l e d  by 
t h e  computer and t h e r e f o r e  would p a s s  
t o  r h e  e x c i t e r  and test a r t i c l e .  There  
a r e  p r o t e c t i v e  c i r c u i t s ,  however, which 
can decelerate the axciter in an order- 
ly fashion without harming the test 
article. 
DETAILED DISCUSSION 
I DIGITAL CONTROLLER PROTECTION 
A. Checking Cperator Errors During 
Test Setup Phase 
All digital control systems uti- 
lize what is commonly called a 
"conversational language" between the 
operator and the computer. During 
this conversation, the communization 
between the two takes place via t-ele- 
typewriter or a CRT/keyborad opera- 
tion. The operator responds to tbe 
question by typing an answer which is 
examined by the coinputer and either 
accepted if correct, or restated, if 
incorrect. Many tedious operations, 
which are hanaled by the computer, are 
certainly monotonous and consequenty 
prone to error, if performed by the 
operator. For example, the computer 
checks gain switches, performs cali- 
bratim calculations, reference ampli- 
tude spectrum, values, error speccr uiii, 
calculations, etc. and at a much 
faster rate than an operator. 
A typical test set-up "conversa- 
tional routine" is shown in Table 1, 
"Random Test Setup." As one can see, 
a number of parameters must be satis- 
fied in order to ensure a successful 
test. 
The operator specifies such items 
as transducer sensitivities, G*/HZ at 
a specific frequency, overall G rms 
level, etc. The system automatically 
controls the si~nal conditioners, ana- 
log to digital converter, switches, 
etc., thus relieving the operator of 
these tasks. After the setup is com- 
pleted and before any full le-re1 vibra- 
tion test proceeds, the system provides 
a self-checking operation of the entire 
~4bration system, including power 
a~plifier, exciter and transducer 
channels, to ensure proper system con- 
nections, calibrations, and switch 
settings. As an example, the system 
may discover that the transducer sen- 
sitivity is too hiqh for the test 
spr2ctrum requested, in which case, the 
computer notifies the operator of such 
a condition. 
Monitoring Test Levels Through 
Various Control Strategies And 
Warning the Operator of Impending 
Problems 
Resides the self-checking procedure 
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used by digital control systems prior 
to the test, these systems use various 
other techniques to protect the test 
specimen . 
1. Control Strategies 
Digital control can be accomplished 
through various techniques in order to 
protect the test specimen as much as 
possible. The following is an exaplt 
of control techniques: 
a. Control on the average of multi- 
p3 e selected channels. 
b. ConCrol against specified limits 
on specified signals. 
c. Control on the highest or lovest 
of selected signals. (sine sweep) 
d. Control on filtered or unfilter- 
ed (peak or rms) signals. (sine 
sweep) 
The operator selects the desired 
con,rol strategy and thereafter the 
system performs all the monitoring and 
corrective action. There are limita- 
tions as pci~t.ed out in an article by 
Dr. A. G. Ratz (2) in which he states 
the following: 
I f  a  system h a s  N i n p u t s ,  each o f  
which should  be  monitored and used i n  
t h e  c o n t r o l  scheme, a  problem can a r i s e  
i f  on ly  M of t h e s e  i n p u t s  (N>MI can be  
ana lyzed  each c o n t r o l  c y c l e .  For a  
t y p i c a l  g a i n  c o n t r o l  i t e r a t i o n ,  t h e  CPU 
samples a s  many o f  t h e  l n y - i t s  a s  is 
p r a c t i c a b l e .  This  is done d u r i n g  t h e  
g a t h e r i n q  t ime ( t o  to (t,+Tf; ) : i f  
t h e r e  a r e  t o o  many i n p u t s  t o  b c  handled 
i n  anT ane  g a t h e r i n g  t ime,  t h e  CPU 
cornmutates through t h e  i n p u t s ,  handl ing  
a d i f f e r e n t  s e t  o f  i n p u t s  each c o n t r o l  
i t e r a t i o n  u n t i l  a l l  i n p u t s  a r e  covered. 
Thus, i f  t h e s e  a r e  11 i n p u t s ,  o n l y  M 
of  which can be  handled d u r i n g  any one 
c o n t r o l  i t e r a t i o n ,  i t  t a k e s  (N/M) con- 
t r o l  i t e r a t i o n s  t o  upda te  a l l  i n p u t s .  
Data f o r  non-sampled i n p u t s  must be  
s t o r e d  and used from prev ious  c o n t r o l  
iterations, t o  compute averages ,  ex- 
t e r n a l  selections, e t c .  
The above obviously leads one to under- 
stand that even digital control systems 
have limited corrective capabilitywhen 
the number of response zhannel measure- 
ments exceed the monitoring capability 
of the control system for each control 
cycle. 
2. Pretest Lev* 
In Table 1, line number 9, notice 
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TABLE 1 4andom T e s t  S e t u p  
J 
RANDOM EXECUTION READY 
1 REqD TEST TAPE ? 
2 ENTER TEST IDENTITY (18 CHARACTERS) 
3 ENTER TEST DATE (8 CHARACTERS) 
4 ENTER OPERATOR IDENTITY (10 CHARACTERS) 
5 EXTEF. OTHER DESCRIPTORS I F  ANY (10 CHARACTERS) 
6 ENTER TRANSDUCER SENSITlVITY MV/G 
7 ENTER NO. OF CONTROL CHANNELS 
ENTER NO. OF SCANS 
ENTER 1 S T  CONTROL CHANNEL 
ENTER MONITOR CHANNEL 
ENTER TYPE C F  MULTICHANNEL CONTROL 
1. AVERAGE 2. PEAK 3. EXTREMAL 
IS EXTERNAL REFERENCE DESIRED ? ? 
8 ENTER TOTAL TEST TIME I N  MINUTES 
9 PRETEST LEVELS AVAILABLE = 
1. -0 dB 
2. -6 d B  
3. -12 d B  
4 .  -13 d B  
5 .  -28 dB 
6. -30 dB 
ENTER l., 2., 3., 4. ,  5 . ,  OR 6. FOR SELECTION 
10 CHANGE REFERENCE DESIRED ? ? 
BANDWIDTHS AVAILABLE = 
1. 100 HZ 
2. 20E Hz 
3. 300 HZ 
4. 500 HZ 
5. 1000 H Z  
6. 2000 HZ 
7. 3000 HZ 
8. 5600 HZ 
9. 10000 HZ 
ENTER l., 2., 3., . . . 9. FOR SELECTION 
RESOLUTIONS AVAILABLE 
1. w/200 
2. w / w  
3. W/50 
4. W/25 
ENTER l., 2., 3., OR 4. FOR SELECTION 
ENTER NUMBER OF SEECTRUM BREAKPOINTS 
ENTER FREQS. AND PSDS. ALTERNATELY 
ENTER NEXT FREQ. 
ENTER NEXT PSD 
PROGRAMMED RMS LEVEL = x,xxr 
CHANGE I N  RMS DESIQF3 ? 
11 ENTER ALARM LEVEL I N  DB 
12 ENTLR ABORT LEVEL IN DB 
1 3  WRITE TEST TAPE ? 
14 EXECUTE ? 
- ENTER COMMAND L 
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that the control system allows the 
operator to specify to what level (in 
dB) less than full scale the operator 
would like to initiate a test. During 
this time the control system does a 
self checking operation to ensure that 
the entire system is within desired 
tolerance levels. After the system has 
accepted the level, it then increments 
itself in approximately +G dB steps 
until it comes up to fu!l test level. 
In the event any abnormal responses 
occur, the system will warn the oper- 
ator of such conditions and shut down 
if necessary. 
Generation of the reference spec- 
trum (Random Vibration Test) for a 
digital control system is similar to an 
analog system in that amplitude values 
are chosen as a function of frequency. 
However, the analog values are selected 
through a slide wire mechanism, whereas 
the values are typed in for a digital 
system. One major advantage wnick a 
digital system has over an analog system 
is that at each spectral line, A 1  c!rm 
and Abort values can be specified and 
the system will constantly monitor 
these values and control to them. 
The alarm check makes the syerator 
aware of test condition9 %inch are out- 
side of the acceptzbie levels. The 
abort check: ~ 1 1 1  cause a system toshut 
down. (See figure 1). Each segment of 
the spectral profile is automatically 
monitored to the specified tolerances 
w'.ere the tolerances are programmed in 
dB. Alarm tolerances generally cause 
a data report to be printed if the con- 
trol amplitude exceeds the specified 
limit. The abort tolerance will cause 
a controlled shutdown and a message 
will be printed out. 
Alarm and Abort limits are gener- 
ally provided from approximately 5 2  dB 
to ?-dB in adjustable nteps. These 
limits are applied to the smooth PSD 
and not the "instantaneous" PSD, X,. 
To eliminate false alarms or false shut- 
downs, the alarm and abort signals are 
applied 
A running count n, is to be 
kept for each line (O<N), 
separate for alarm, and for 
abort. 
Each time (each iteration of 
the control) the alarm/abort 
level is exceeded, n is in- 
creased by one count. 
c. Each iteration of he control 
when the relevant limit level 
is not exceeded, n is decre- 
mented by one count. 
d. n can never go negative. 
e. When n reaches the value n =No, 
the relevant level is considered 
to be exce qdd, and the alarm or 
abort action is initiated. 
f. A suitable value for No is three. 
Np should be adjustable for spe- 
cial considerations, however. 
(Ref. (3) Application B. lletin 
440 by Dr. A. G. Ratz; 1/23/74). 
From the above one can see that a fair 
amount of sophistication has been in- 
corporated into digital alarm and abort 
specimen protection. 
4. Gross Level Abort 
The gross level abort is an opera- 
tor selectable parameter that sets an 
overall RMS acceleration level which 
cannot te exceeded without terminatilig 
thetest. Gross level aborts are used to 
protect both the systen and test speci- 
men against runaway conditions. A 
loose accelerometer 0.7 inadvertently 
ir~creasing a manual gain control canses 
the gross level abort vo shut down the 
test in an orderly manner. 
5. Loop Integrity 
In the event an open loop occ,lrs in 
the response  channel!^), catastrophic 
results could obviously come about. 
For single channel control, the system 
autamatically detects the loss of con- 
trol signal at any level and initiates 
an abort. When multiple channels are 
used for control, generally each 
channel is checked for loss of signal 
at -3 dB of full scale and the system 
aborts if any loss of signal is detect- 
ed (Random Testing) . 
This check is made on control 
channel once every control loop cycle. 
Tbese checks are made on input d.ata 
pzior to including the data in the con- 
trol calculations. Therefore, the out- 
put level will not change (increase) 
when a control aignal is lost: only 
the abort action is allowed to change 
the output level to zero in a smooth 
manner. 
6. Power Fail Restart 
Most control systems have an auto- 
matic power fail system. The system 
constantly monitors the line voltage. 
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TEST ID 
)ate 
3perator 
)escription 
Slap. Time 
rest Time 
lef, RMS Level 
Upper Abort L i m i  t \ Lower Alarm Limit 
Upper Alarm Limit 
Lower Abort L i m i t  1 
FREQUENCY (HZ ) 
Figure 1 Power Spectral Density Plot of Reference 
Spectrum with Alarm and Abort Limits 
and when the line voltage goes out of 2 
preset tolerance band, the system 
systematically and smoothly shuts down. 
The more sophisticated systems continue 
tc monitor the vcltage and bring the 
system back on line once the problem 
clears up. 
C- Housekeeping Operations - Monitor- 
ing Pertinent Equipment Parameters 
During a Test 
The items discussed consume, with 
drive signal updating, much of the con- 
trol system's the. However, there are 
still functions that a control system 
monitors. These functions or para- 
meters are near static. or DC values 
and mnsequently can easily be monitor- 
ed by the system. A typical list 
might include the following : 
Amplifier door status 
Exciter overtravel status 
Exciter coolant flow status 
Exciter armature temperature 
Exciter field temperature 
Power snplifier coolant flow status 
Power amplifier heat sink temperature 
Field supply 
Amplif icr overlcad 
1. overcurrent 
2. overvol tage 
3. overpower 
Loss of ,mwer supplies 
Power amplifier low water warning 
If any of these parameters go out of 
tolerance, a printout occurs stating 
the probi~.? and shuts the system down 
if designated by the operator through 
software. 
I1 CONTROLLED DECELERATION SPECIMEN 
PROTECTION SYSTEMS 
As previously stated .in tha intro- 
duction, there are conditions in which 
the 'digital control system has limited 
ability to protsct a tesr specimen. A 
condition of this nature occurs when a 
transient is generated within the power 
amplifier or ontrjut stages of the con- 
trol system and is directly transmitted 
to the exciter and the test articlz. 
To this author's knowledge there is no 
digital control scheme which can sense 
amplifier transients fast enouqh to 
initiate positive action to prevent the 
transient from being transmitted to the 
test article. The standard method used 
by amplifier/exciter manufacturer's to 
handle such transients has been to use 
the following technique. A concept 
known as 'Armaturc Protection" is used 
in which the enerav stored in the 
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this device is to protec~ the exciter 
and not the test article, in fact, 
wnen the protector is initiated, the 
deceleration levels generated are 
significantly high to cause possible 
damage to the test article. Goddard 
has conseqGently had two sanufacturer's 
develop two Controlled Dereleration 
Specimen Protection Systems. 
The existing systems effect con- 
trolled deceleration by automatically 
sensing displacement, acceleration, or 
velocity for excessive levels, an3 when 
triggered, insert variable damping re- 
sistors across the armature circuit to 
effect the desired deceleration shut- 
down. 
The safety protection of a test 
specinen has certainly been enhanced 
through the use of digital controi 
systems. The prima.-y proble.., areas 
have been due to operator errors. To 
this end, the digital costrol system 
has heen most successful, hcwever, there 
are still areas of concern, namely, the 
"exciter dump" caused by transients 
out of the power amplifier or control 
system. This problem requires a system 
which can guarantee a controlled de- 
celeration shutdown to prevent damage 
to expensive test articles when trigger- 
ed by such transients. 
REFERENCES 
Cook, Lawrence L.; Shock and Vibra- 
tion Bulletin 39, February 1969. 
Engineering Specification (No. 
701301) Ling Electronics, August 
15, 1973. 
Ratz, P;. A. G., Application 
Bulletin 440 (Unpublished), Jan- 
uary 23, 1974, Ling Electronics, 
Anah*im, Califorriia. 
Engineering Seports (Unpublished) , 
 marc:^ 1975, Hewlett-Packard, Paio 
Alto, ::alifornia. 
Engineering Reports (Unpublished) , 
Aupst 1973, Time Data Corporation, 
Palo Alto, California. 
amplifier is discharged and the armature 
is- short circuited.  he purpose of 
